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PREFACE 


In October 1980 the Lewis Research Center sponsored a workshop on the 
problem of predicting local heat transfer in a gas turbine. The workshop 
strongly recommended further study of the transition mechanism in turbine 
airfoils. On the strength of that recommendation a program, involving both 
in-house and university grant research, was begun to deal with that issue. 
Brief progress reports on this research were presented at the beginning of 
this symposium. An invited lecture by Professor Mark Morkovin gave us a 
glimpse of the current understanding of transition initiation. He introduced 
the concept of a large-disturbance "bypass" mechanism for the initiation of 
transition. This mechanism, or some manifestation thereof, is suspected to be 
at work in the boundary layers present in a turbine flow passage. 

With this background we formed small groups to focus on four relevant 
subtopics: 

(1) The effect of upstream disturbances and wakes on transition 

(2) Transition prediction models, code development, and verification 

(3) Transition and turbulence measurement techniques 

(4) The hydrodynamic condition of low-Reynolds-number boundary layers 

Each group evaluated the current status of its topic and considered research 
that would advance knowledge in that topic. The collective progress advanced 
our understanding of the transition mechanism. 


Robert W. Graham 
Chairman 
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IDENTIFICATION OF THE PROBLEM 


Robert W. Graham 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


Much of the research on transition in boundary layers has related to the 
fuselage, wings, or external control surfaces of aircraft. An interesting 
problem in external aerodynamics or fluid mechanics, it has attracted many 
researchers. Transition in boundary layers determines the lift, drag, and con- 
trol characteristics of an aircraft. Much has been learned about the control 
of transition, and this has contributed to the design of low-drag airfoils for 
aircraft. The question of heat load on a supersonic aircraft or a reentry 
vehicle introduced another major concern related to transition. As is well 
known, there is a discontinuous jump in heat transfer between laminar and tur- 
bulent boundary layers at a given Reynolds number over a substantial Reynolds 
number range. The blunt reentry shape of crew capsules from Mercury to Apollo 
resulted from research that proved a laminar boundary layer with minimum heat 
transfer would exist over the blunt leading surface. 

The fundamental research inspired by the boundary-layer transition problem 
has yielded significant information about the transition mechanism. Those who 
participated in this research are aware of the great challenge and difficulty 
involved. At least a decade of intensive research and study by many competent 
researchers was required before the initial analytical model of the mechanism 
was achieved. Small-disturbance theory has been employed as an analytical tool 
in predicting the onset of turbulent bursts that mark the beginning of transi- 
tion in a boundary layer. 


FLOW ENVIRONMENT 
Bypass Transition 

It is of particular significance to this symposium to understand how tur- 
bulence is initiated in boundary layers by large disturbances in the free 
stream. This type of transition mechanism has been called the bypass mode. 
Professor Morkovin summarized the status of transition theory and elaborated 
on the bypass mode. Several of the progress reports on current research pre- 
sented at this symposium describe efforts to accrue more information about the 
nature of the bypass (or large disturbance) mode. 


Upstream Disturbances 

In addressing the specific problem of transition in a gas turbine, it can 
be assumed that the hot gases entering the turbine are in a highly disturbed 
state and that the bypass mode is the likely transition mechanism. This 
assumption is justified by considering the flow history of the gases before 
they enter the turbine. In either a flight or stationary gas turbine the gases 
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are compressed shortly after being ingested, by either an axial or a centrifu- 
gal compressor. The staged blading and struts introduce unsteadiness and wake 
disturbances into the flow. Some early results of a Lewis study to simulate 
wake condition effects on heat transfer were presented at this symposium. 

Most of the high-pressure gas then enters the combustor, where fuel injec- 
tion, heat addition, and induced mixing contribute to flow unsteadiness. 
Modeling the complex interaction of fluid mechanics and chemical reaction dur- 
ing combustion is receiving considerable attention at Lewis, and some results 
were reported at this symposium. 

By the time the gas has been compressed and burned, it is difficult to 
describe its condition in conventional fluid mechanics terminology relating to 
turbulence. Certainly the gas flow is not steady and the eddy structure is far 
from being homogeneous turbulence. In fact, the term "turbulence" may be com- 
pletely inappropriate in describing the condition of the gas. The usual 
sources of turbulence in a classical experiment may be relatively unimportant 
in a turbine. Such terms as turbulence intensity can have meanings in the 
turbine flow regime that are entirely different from those associated with 
external flow aerodynamics. 

In a paper published in 1975, R.L. Evans proposed three definitions of 
flow disturbance with regard to turbomachinery. The categories included an 
overall disturbance level, in which the total fluctuation in velocity V' was 
normalized with respect to an average flow velocity U; a free-stream turbu- 
lence level ,_in which the turbulence fluctuation v' was normalized with 
respect to U; and an unsteadiness level, which related the difference between 
the instantaneous velocity and an average velocity at that instant normalized 
with respect to a time-averaged velocity. Although such definitions do not 
eliminate all of the problems in describing or quantifying the disturbances, 
they suggest that the conventional definitions of turbulence are not proper or 
adequate. 

More consequential than the definition are how the disturbances and 
unsteadiness affect the local heat transfer rates on the turbine surfaces. An 
axial-flow turbine has approximately 100 airfoil-shaped blades. Because each 
blade develops its own boundary layer, transition occurs on each blade. The 
unsteadiness and disturbances in the flow field ahead of the turbine influence 
the development of the boundary layers and the transition process itself. 

Since heat transfer occurs across the boundary layer, anomalous heat transfer 
conditions can occur anywhere on the blade. Generally the heat transfer over 
the leading edge of the blade exceeds that predicted by stagnation flow theory. 
Designers resort to augmentation coefficients to account for these higher lev- 
els of heat transfer. Depending on the practice and judgment of the designer, 
the augmentation factor can vary from 20 to 80 percent above the reference 
level of heat transfer associated with quiescent flow. NASA studies of this 
particular heat transfer problem are reported in this proceedings. 


Horseshoe Vortices 

Upstream of the intersection of the blades (or vanes) with the hub or 
casing wall, an unusual vortex flow pattern develops that has a marked effect 
on local heat transfer. The vortex bends into a bow wave, or horseshoe, shape. 
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The scrubbing action of the vortex augments local heat transfer, and the trail- 
ing edges become a part of the secondary flow pattern that moves from the pres- 
sure surface of one blade to the suction surface of an adjacent blade. The 
role of this vortex pattern in determining the nature of the boundary layers 
on the wall or hub and on the blade surface is not well understood. It can be 
considered as one of many flow disturbances that influence the laminar or tur- 
bulent characteristics of the boundary layers. Heat transfer near the horse- 
shoe vortex has been measured recently at Rensselaer Polytechnic Institute, as 
summarized in this proceedings. 


Curvature Effects 

Another flow phenomenon in the turbine blade rows is the rapid turning of 
the flow over a broad angle. Depending on which surface of the turbine blade 
is being examined, the curvature is convex or concave. As has been observed 
in research on curved channels, a convex surface attenuates the eddy structure 
of the boundary layer. In contrast, a concave surface enhances turbulence. 
Obviously curvature has a significant influence on the transition process in 
turbine boundary layers. 


Acceleration-Deceleration 

In addition to curvature effects the blade boundary layers are subject to 
severe velocity gradients (accelerations and decelerations). It is well known 
that the turbulent structure in a boundary layer is affected by velocity gra- 
dients. Acceleration is a stabilizing influence that attenuates the intensity 
by stretching or straining the eddies. Deceleration tends to be destabilizing 
and thus promotes turbulence. 


TRANSITION MODELS 

In a turbine all of the aforementioned effects operate simultaneously. 

Two (or more) effects may reinforce or cancel each other. It is difficult to 
make predictions that comprehend all of these effects and their interactions. 
Attempts have been made to use boundary-layer codes to prescribe transition 
criteria that enable the codes to shift from laminar to turbulent calculations. 
Some of these attempts, reported herein, were not satisfactory. While being 
careful to distinguish turbine flow unsteadiness and stochastic effects from 
classical turbulence, we cannot dismiss the significant efforts in the modeling 
of classical turbulence. Computational methods and modern computer systems 
have enabled modeling efforts once thought beyond possibility. Turbulence 
modeling is being pursued at Lewis in the acknowledged transition domain. 


CONCLUDING REMARKS 

I have attempted to identify some of the physical effects of turbulence 
and to portray the complexity of the transition mechanism. There are more 
variables and more physical effects than one cares to deal with for any prob- 
lem. Our task is to select the highest order effects and to determine what 
must be learned in order to increase our understanding. 
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COMBUSTOR TURBULENCE 


C. John Marek 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


The turbulence entering the turbine is produced in the combustor. High 
turbulence levels from the combustor can alter the location of the transition 
point on the turbine vane. The dynamics of turbulence and the progress being 
made in computing the flow are discussed. 

The contraction between a combustor (fig. 1) and a turbine inlet can be 
anywhere from 50 percent on advanced engines to 75 percent (25-percent open 
area) on older engines. Effective blockages of the combustor are about 
75 percent. Combustors operate at reference velocities of 30 m/sec with 
incoming dilution jet velocities of 120 m/sec. 

Only a few measurements have been made of combustor turbulence, and these 
have usually been at the combustor exit. In 1979 turbulence was measured at 
the exit of a T-63 combustor (ref. 1) with 75-percent contraction (fig. 2). 

With combustion and at isothermal conditions, typical turbulence levels were 6 
to 10 percent. These data were taken with a laser Doppler velocimetry (LDV) 
system, and the velocity probability distribution was fitted to a Gaussian 
(fig. 3). The turbulence intensity is the standard deviation of the sample. 

At flight idle conditions the turbulence level was 7 percent. The probability 
distribution tended to be Gaussian over a wide range of velocity. Therefore 
the probability of an event or of a given velocity being different from the 
mean could be determined. 

Data presented at a recent meeting on hot-section technology (HOST) 

(fig. 4) show LDV measurements taken at the exit of a combustor in a free jet 
(fig. 5). Again, the combustor had 75-percent contraction (or 25-percent open 
area). The nozzle was 50 mm in diameter, and the measurements were taken 
60 mm, or 1.2 jet diameters, downstream. In cold flow the turbulence intensity 
was 8 percent on the centerline and 50 percent at the edge. The higher values 
show the influence of the mixing wake on turbulence. In hot flow the turbu- 
lence intensity was 9 percent in the core region, so it did not increase much 
with combustion. The exhaust velocity, of course, went from 60 m/sec in cold 
flow to 220 m/sec with combustion. 

For a simple round jet the turbulence intensity was normalized with the 
centerline velocity, with peak values of 20 percent and dropping off toward the 
edge (fig. 6(a)). The axial distribution of the maximum turbulence intensity 
(fig. 6(b)) showed lower values below Z/D = 10, representing the potential 
core. 


The turbulence intensities for a combustor exhaust are about 10 percent 
for 75-percent contraction. Future engines will probably be designed with 
close to 50-percent contraction. Turbulence increases with decreasing contrac- 
tion. For 10-percent turbulence in the exhaust the combustor turbulence would 
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be 40 percent; so engines with 50-percent contraction would have a turbine 
inlet turbulence of 20 percent. 

A motion picture of the dynamics of combustor turbulence was taken at the 
University of California, Berkeley. The motion picture (C-315) is available 
on loan from the NASA Lewis Research Center by sending in the request card at 
the end of this document. Some still photographs from the motion picture 
(fig. 7) show large-scale structures. The premixed propane-air flowed at 
20 m/sec through a two-dimensional nozzle over a rearward -facing step. The 
step was 2.5 cm high and 17.8 cm deep. As the fuel-air ratio of the mixture 
was increased, the flame speed increased. Instability occurred and the flame 
flashed over the lip. The boundary layer on the nozzle lip went through tran- 
sition, probably caused by the flow instability arising from the dynamics of 
the combustion process. The dynamics of the flow is evident in the motion 
picture. In the next sequence (fig. 7(b)) an additional step was placed in the 
exhaust to determine the effect of contraction on the turbulence leaving the 
combustor. The step produced a 50-percent contraction. Amazingly, the turbu- 
lence unwound and went straight into the contraction. The size of the turbu- 
lence structures was tailored by the duct to the size of the available duct 
height. Flashback occurred at a different fuel-air ratio than it did without 
the downstream step. The structure of the flame front and this particular wave 
were quite different from the flow without the downstream step. The term 
"wave" is used because of the influence of the downstream step on the flow, 
which was at the same velocity as in the sequence with the single step. Color 
schlieren photography at 6000 frames/sec was used, and frame duplication was 
used to slow down an event. The schlieren system is sensitive to small tem- 
perature gradients. In the motion picture the combustion zone is the black 
region and the regions of unburned gas and the reacted gas underneath the step 
appear blue. 

The final sequences of the motion picture present random vortexes calcu- 
lated by the method of Chorin. The turbulence is quite dynamic. It is hard 
to predict the flashback condition. By using the Chorin technique turbulent 
flow can be computed with and without combustion. 

Without combustion large-scale turbulence structures as well as much finer 
turbulence scales were present (fig. 8). As the Reynolds number increased, the 
scale of turbulence became finer. Turbulence would be expected to increase 
with combustion. However, as the temperature rose from 600 to 1600 K the vis- 
cosity went up by a factor of 10, so the Reynolds number actually went down. 

You might then expect that turbulence would decrease. 

In a frequency spectrum taken with a high-response pressure transducer 
just downstream of a typical swirl can combustor, most of the frequencies were 
below 2000 Hz (fig. 9). Few intense peaks occurred. As the pressure was 
increased from 700 to 1420 kPa (7 to 14 atm), the Reynolds number and the 
energy in the higher frequencies increased. In an engine the combustor veloc- 
ity remains nearly constant and the mass flow increases with pressure. How- 
ever, with all of the dynamics the turbulence did not change significantly. 

The progress being made toward computing turbulence is discussed in detail 
in references 3 and 4. Reference 3 gives the theoretical background and 
reference 4 presents the computer program MIMOC used to compute the two- 
dimensional unsteady flow. 
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In the MIMOC method two types of finite vortex elements are introduced 
(fig. 10). A vortex sheet is a line vortex. Sheets are introduced at the wall 
to satisfy the no-slip boundary condition and to simulate the generation of 
turbulence at the wall. When a sheet moves out of a boundary layer of thick- 
ness S s , it becomes a vortex blob and its image. The vortices are moved 
with a particular variance. The variance of the Gaussian distribution is pro- 
portional to the time step and inversely proportional to the Reynolds number. 
The vortices move a distance AZ, which is the sum of the convected distance 
and the random motion. A reduced-time coordinate system is used. The reduced 
time t is the time t multiplied by the inlet channel velocity Uq and 
divided by the duct height H. The Reynolds number is also defined in terms 
of H. The motion of each vortex blob (fig. 11) is computed from the local 
velocity created by all of the other elements plus the Gaussian random walk. 

Comparing the experimental data and the random vortex method shows good 
agreement for the mean velocities (fig. 12) but poorer agreement for the tur- 
bulence intensities normalized by the inlet velocity (fig. 13). Remember that 
these computations include no turbulence constants but only the turbulence gen- 
erated by the fundamental equations. Intensity peaks at about 20 to 30 percent 
in the shear layer for both the nonreacting and reacting flows. The Reynolds 
number in this comparison is 22 000. For reacting flow the peak in intensity 
shifted down into the recirculation region and the recirculation region short- 
ened with reaction. 

The time history of the calculated velocity at a point in the flow 
(fig. 14) looks realistic, like the signal from a hot wire. A histogram was 
made of these points (fig. 15); the distribution looks Gaussian. 

When the results were analyzed with a fast Fourier transform (FFT), the 
frequency spectrum could be plotted (fig. 16). The results are presented in 
reduced frequency, which is the duct height divided by the inlet velocity. The 
power is high below 200 Hz, with peaks. Some of the peaks may be caused by the 
lack of resolution in the calculation. The frequency spectrum rolls off as the 
experimental data. A power spectral distribution (fig. 17) shows most of the 
power (75 percent) below a reduced frequency of 1. 

The turbulent characteristics of the flow need to be quantified in order 
to be able to predict transition in turbines. Chorin's method is useful for 
understanding and predicting vortex flows. 
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• FULLY 3-DIMENSIONAL FLOW • CHEMICAL REACTION/HEAT RELEASE 
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Figure 1. - Combustion flow phenomena. 
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Figure 2. - LDV measurements of turbulence intensity. (From ref. 1.) 
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Figure 3. - Determination of turbulence intensity from probability distribution. Flight-idle burning, 
r = 7.10 rim; p = 79.0 m/s; cr = 5.50 m/s; a/p = 6.96 percent; U upper = 94.0 m/s; 

U lower = 64 0 m/s; <u> = 79 0 m/s i s = 5 - 61 ^ s/ <U> = 7 - 10 Percent; N = 820. (From ref. 1.) 


O Mean velocity 
A Turbulence intensity 



(a) Isothermal. Temperature, 25 °C. 

(b) With combustion. Temperature, 780 °C. 


Figure 4. - Combustor exhaust measurements. Axial position downstream, 60 mm. (From ref. 2.) 
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Figure 5. - Laboratory combustor. 
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(a) Turbulence intensity distribution at z/D = 20. 

(b) Axial distribution of maximum turbulence intensity. 


Figure 6. - Turbulence intensity distributions. 
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(a) Sequence 1. 

(b) Sequence 2. 


Figure 7. - Still photographs of color schlieren motion pictures. (Flow from right to left.) 
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13.5 m/sec *>=0.64 22.2 m/sec, *?=0.6 

(b) <0 

(a) Isothermal; <p = 0. 

(b) With combustion; velocity, 13 m/sec. 

(c) With combustion at various velocities. 

Figure 8. - Summary of turbulence characteristics. 
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Figure 9. - Frequency spectrum downstream of swirl can combustor. Temperature, 550 K. 
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Figure 10. - Modeling interface motion of combustion by Chorin's random vortex method. 



13 






Numerical 

Experimental 



Figure 13. - Comparison of experimental and numerical data for turbulence intensity. (Same configuration 
as fig. 12.) 
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Figure 14. - Instantaneous time history of calculated velocity. x/H = 1.8; Reynolds number, 10 000. 
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Figure 15. - Computed probability distribution. x/H = 1.8. 
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Figure 16. - Computed power spectrum. x/H = 1.8. 
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PRELIMINARY RESULTS OF A STUDY OF THE RELATIONSHIP BETWEEN FREE-STREAM 


TURBULENCE AND STAGNATION REGION HEAT TRANSFER* 


G. James VanFossen, Jr., and Robert J. Simoneau 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


A study is being conducted at the NASA Lewis Research Center to 
investigate the mechanism that causes free-stream turbulence to increase heat 
transfer in the stagnation region of turbine vanes and blades. The work is 
being conducted in a wind tunnel at atmospheric conditions to facilitate 
measurements of turbulence and heat transfer. The model size is scaled up to 
simulate Reynolds numbers (based on the leading-edge diameter) that are to be 
expected on a turbine blade leading edge. Reynolds numbers from 13 000 to 
177 000 were run in the present tests. 

Spanwise-averaged heat transfer measurements with high and low turbulence 
have been made with "rough" and smooth surface stagnation regions. For smooth 
surfaces the boundary layer remained laminar even in the presence of 
free-stream turbulence. If roughness was added, the boundary layer became 
transitional as evidenced by the heat transfer increase with increasing 
distance from the stagnation line. 

Hot-wire measurements near the stagnation region downstream of an array 
of parallel wires showed that vorticity in the form of mean velocity gradients 
was amplified as the flow approached the stagnation region. Circumferential 
traverses of a hot-wire probe near the surface of the cylinder showed that the 
fluctuating component of velocity changed in character depending on 
free-stream turbulence and Reynolds number. 

Finally smoke-wire flow visualization and liquid-crystal surface heat 
transfer visualization were combined to show that, in the wake of an array of 
parallel wires, heat transfer was lowest where the fluctuating component of 
velocity (local turbulence) was highest. Hga±-J^^&iex_wa5.-.the,.Mgh^ 

between pai rs of vortices where the. jnduced velocity was towar d the. ■cylinder- 

Surface". 


SYMBOLS 


D cylinder diameter, cm 
d rod diameter, cm 
e height of roughness element, cm 
h heat transfer coefficient, W/m 2 °C 


*Also published as NASA Technical Memorandum 86884. 
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q" heat flux, W/m 2 
Re Reynolds number 
T temperature, K 

X distance measured upstream from forward stagnation 
line, cm 

z spanwise coordinate, cm 
e circumferential coordinate, deg 


INTRODUCTION 

In gas turbine blade design, predicting heat transfer in the stagnation 
region is critical because the heat flux is usually highest in this region. 

The heat transfer in the stagnation region can be predicted if the free-stream 
flow is laminar (ref. 1). In a gas turbine, flows are highly turbulent, with 
intensities of 8 to 15 percent. If the turbulence intensity in the free 
stream is higher than 1 percent, heat transfer in the stagnation region is 
augmented. 

Flow in the stagnation region of a turbine blade can be simulated by a 
cylinder in crossflow. There have been many experimental investigations of 
the effect of turbulence intensity on heat transfer to a cylinder in crossflow 
(e.g., refs. 2 to 6). Most of these investigations have measured an increase 
in heat transfer in the stagnation region for some increased level of 
free-stream turbulence and then tried to correlate the heat transfer increase 
to some parameter involving the turbulence intensity. This approach has had 
limited success. Trends are clearly present, but there is great scatter in 
the data, particularly between the data of different researchers. 

The mathematical modeling of stagnation region flow has been divided into 
several areas. One set of modelers has attempted to develop a turbulence 
model that can be used to solve the two-dimensional boundary-layer equations 
and predict the level of heat transfer (refs. 2, 7, and 8). The results are a 
correlation of the mixing length or turbulent viscosity and the Prandtl number 
with other flow parameters. 

A more plausible model of heat transfer augmentation by free-stream 
turbulence is the vortex stretching model. It is hypothesized that, as 
vortical filaments with components of their axes normal to the stagnation line 
and normal to the free-stream flow are convected into the stagnation region, 
they are stretched and tilted by the divergence of streamlines and 
acceleration around the body. Through conservation of angular momentum this 
stretching intensifies the vorticity. The increased vorticity is hypothesized 
to be the cause of the augmented heat transfer in the stagnation region. Some 
examples of the work on this theory are given in references 9 to 14, and the 
work is reviewed in reference 15. It was deduced (refs. 9 and 10) that the 
mathematical model allowed only turbulent eddies above a certain neutral scale 
to enter the Hiemenz flow (ref. 16) boundary layer. Once inside the boundary 
layer, however, the eddies can be broken down into smaller eddies by the 
action of viscosity. The three-dimensional vorticity transport equations were 
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solved for a free-stream velocity that was periodic in the spanwise 
coordinate. This boundary condition supplied the vorticity to the stagnation 
region in an orientation that allowed it to be stretched by the mean flow. A 
few special cases where the period in velocity was near the neutral scale have 
been solved. It was found that the thermal boundary layer is much more 
sensitive to external vorticity than the hydrodynamic boundary layer. 

In reference 11 measurements of grid turbulence that contained eddies of 
all orientations near the stagnation point of a circular cylinder show that 
eddies with scales much larger than the cylinder diameter are not amplified as 
they approach the stagnation point but smaller scale eddies are amplified as 
they approach the cylinder. These measurements are external to the boundary 
layer. In references 12 and 13 a hot wire was used to measure the 
amplification of turbulence near the stagnation point of both a cylinder and 
an airfoil. The turbulence was produced by an upstream array of parallel 
rods. Spectral measurements were then used to deduce a so-called 
most-amplified scale. Flow visualization with smoke also shows a regular 
array of vortex pairs near the stagnation point. The array of vortex pairs is 
clearly outside the theoretical laminar boundary layer. 

Reference 14 describes a threshold for vortex formation near the 
stagnation region of a bluff body from the wakes of an array of parallel wires 
placed upstream. If the wires are too far upstream or the Reynolds number is 
too small, no vortices are formed on a bluff body. Heat transfer augmentation 
in the stagnation region increases sharply when vortices are formed. The size 
of the vortices scales with the width of the upstream disturbance wake and not 
with boundary-layer thickness. 

Calculations and measurements made in reference 5 show the boundary-layer 
velocity profiles to be essentially laminar even in the presence of 
free-stream turbulence. The temperature field, however, is more sensitive to 
free-stream turbulence. This implies that heat transfer will be increased 
more than skin friction by free-stream turbulence. 

A collection of experimental observations has been assembled here to 
construct a picture of this complex phenomenon. Spanwise-averaged heat 
transfer data are presented to show the effect of free-stream turbulence and 
surface roughness on the condition (laminar or turbulent) of the thermal 
boundary layer. Hot-wire measurements are used to show how vorticity from 
mean velocity gradients is amplified as it approaches the stagnation region. 
Finally a combination of flow visualization using the smoke-wire technique and 
thermal visualization using liquid crystals is used to show the relationship 
between vortex pairs produced by mean velocity gradients and the spanwise heat 
transfer distribution. 


APPARATUS 
Wind Tunnel 

All tests were conducted in the wind tunnel shown schematically in 
figure 1. Room air first flowed through a turbulence damping screen with an 
18x18 mesh of 0.24-mm (0.0095-in) diameter wire. Large-scale turbulence from 
the room air was then broken up by flowing it through a honeycomb of 
approximately 12 000 plastic "soda straws," which were 0.64 cm (0.25 in) in 


19 



diameter by 19.69 cm (7.75 in) long. The air then passed through a final 
damping screen identical to the first. A 4.85:1 contraction (contraction in 
spanwise direction only) then accelerated the air entering the test section. 
The maximum velocity attainable in the test section was about 46 m/sec 
(150 ft/sec), and the clear-tunnel turbulence level was less than 0.5 percent 
at all flow rates. 

The test section was 15.2 cm (6.0 in) wide by 68.6 cm (27.0 in) high. 

The models were mounted horizontally in the tunnel. Hot-wire surveys and 
smoke-wire flow visualization indicated that the center 7.6 cm (3.0 in) of the 
tunnel was free from turbulence generated by the side-wall boundary layer. 

All measurements were confined to this center region of the tunnel test 
section. 

After leaving the test section the flow passed through a transition 
section into a 25-cm (10-in) pipe, through two long-radius elbows, into a flow 
straightener, and into an orifice run. The orifice plate had a diameter of 
19.1 cm (7.5 in). The flow rates used in these tests were measured with this 
orifice. Air then passed through a 25-cm (10-in) butterfly valve, which was 
used to control the flow rate, and then to the building altitude exhaust 
system. 

The temperature of the air entering the wind tunnel was measured by four 
exposed ball Chromel-Alumel thermocouples around the perimeter of the inlet. 
These four temperatures were averaged to give the total (or stagnation) 
temperature. 


Turbulence Generators 

For some of the high-turbulence cases a turbulence-generating biplane 
grid of 0.318-cm (0.125-in) diameter rods spaced 10 rod diameters apart was 
installed 79.6 rod diameters upstream of the model leading edge. For the flow 
visualization tests and some of the heat transfer tests an array of parallel 
0.051-cm (0.020-in) diameter wires spaced 12.5 wire diameters apart was 
installed 547.5 wire diameters (4.21 cylinder diameters) upstream of the model 
leading edge. For the spanwise hot-wire traverses the same parallel -wire 
array was used, but the wires were spaced 37.5 wire diameters apart. 


Hot Wire 

Turbulence was measured with a constant-temperature, hot-wire 
anemometer. Signals were linearized, and the mean component of velocity was 
read on an integrating digital voltmeter with an adjustable time constant. 

The fluctuating component was read on a true rms voltmeter that also had an 
adjustable time constant. The hot-wire probe was a 4-ym (1.65-yin) 
diameter, tungsten, single-wire probe. The hot wire was calibrated before 
each use in a free jet of air at nearly the same temperature (+1 deg C) as the 
wind tunnel flow. The frequency response of the hot-wire system was 
determined to be around 30 kHz by the standard square-wave test. 

Turbulence scale was estimated by using an autocorrelation of the 
hot-wire signal. The autocorrelation was obtained on a dual-channel, fast 
Fourier transform (FFT) spectrum analyzer. The area under the autocorrelation 
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function gave an integral time scale. This time scale was then multiplied by 
the mean velocity to obtain the integral length scale. 


Smoke Wire 

Flow visualization was accomplished by using the smoke-wire technique 
described in reference 17. A 0.008-cm (0.003-in) diameter wire was stretched 
across the tunnel parallel to the cylinder axis slightly below the stagnation 
plane. The wire was coated with oil, as recommended in reference 17, by using 
a cotton swab. A timing circuit was then used to start current flow to heat 
the wire and vaporize the oil and, after an adjustable delay, to fire a strobe 
light to expose the film. A 35-mm camera with telephoto lens and closeup 
attachments was then used to make high-quality images of the flow and heat 
transfer patterns in the stagnation region. Two strobe lights were used, one 
from each side of the tunnel. The best lighting angle for smoke visualization 
was 90° from the viewing angle. This angle was not an optimum angle for the 
viewing of the liquid-crystal models. As explained in reference 18, if the 
lighting angle and the viewing angle are not the same, there is a color shift 
in the liquid crystal. Thus simultaneous smoke and liquid-crystal thermal 
visualization photographs can only be used to obtain qualitative heat transfer 
results. 


TEST SPECIMENS 

Spanwise-Averaged Heat Transfer 

Spanwise-averaged heat transfer coefficients were measured on a 6.6-cm 
(2.6-in) diameter cylinder (fig. 2). The cylinder was 15.2 cm (6 in) long and 
was made of wood. Heat transfer coefficients around the circumference of the 
cylinder were measured with electrically heated copper strips (fig. 3). Each 
strip was 6.6 cm (2.6 in) long by 0.51 cm (0.21 in) wide and 0.318 cm 
(0.125 in) deep. A Kapton-encapsulated electric heater was fastened to the 
back of each copper strip with pressure-sensiti ve adhesive. A stainless steel 
sheathed, closed, grounded-ball, Chromel-Alumel thermocouple was soft soldered 
into a groove in each copper strip. The copper heat flux gauges were embedded 
in the surface of the cylinder at 10° intervals around the circumference. The 
average gap between copper strips was 0.10 cm (0.04 in) and was filled with 
epoxy. Although there were eight copper strips, only the inner six strips 
were used as measuring gauges; the outer two served as guard heaters to 
minimize heat loss by conduction. Guard heaters were also used on the ends of 
the copper strip gauges (fig. 2). A guard heater was also used behind the 
measuring gauges to stop radial heat conduction to the rear of the cylinder. 

A thin coat of lacquer was sprayed on the surface of the cylinder and the 
copper gauges to keep the copper from oxidizing and changing emissivity. In 
operation the copper strips were maintained at a constant temperature by a 
controller described in reference 19. The data reduction technique used for 
the spanwise-averaged model is also described in reference 19. 

For some of the tests, the spanwise-averaged heat transfer model was used 
to investigate the effect of surface roughness. A coat of clear lacquer was 
sprayed onto the model, and sand was then sprinkled on the wet surface from an 
ordinary salt shaker. Another thin coat of lacquer then held the sand in 
place. Since the roughness elements were too large to be measured with a 
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profilometer, an optical comparator was used to estimate roughness. The 
maximum height of any one roughness element was 0.0572 cm (0.0225 in). The 
average height of the roughness elements above the surface was 0.033 cm 
(0.013 in), which gave a relative roughness e/D of 0.005. 

An afterbody was used with the cylinder for some tests to eliminate the 
alternate vortex shedding from the rear of the cylinder. The afterbody 
consisted of a 5.08-cm (2.0-in) long straight segment that was tangent to the 
cylinder surface 90° from the stagnation line. A 10° wedge then extended 
downstream and ended in a cylindrical trailing edge 0.3175 cm (0.125 in) in 
diameter. 


Liquid-Crystal Models 

Spanwise variations in heat transfer coefficient were mapped with three 
models (fig. 4). One was a cylinder with the same dimensions as the 
spanwise-averaged heat transfer model. The second had the same dimensions as 
the spanwise-averaged model plus the afterbody. The third was scaled to 
one-half the size of the spanwise-averaged model plus the afterbody. 

All of the liquid-crystal models were constructed by using the techniques 
in reference 18. Briefly, a heater element consisting of polyester sheet with 
a vapor-deposited gold layer was fastened to the model surface with 
double-sided tape. Bus bars of copper foil were fastened to the heater edges, 
which were parallel to the cylinder axis and located at the rear of the 
cylinder. Silver conductive paint was used to improve electrical conductance 
between the copper foil and the gold. A commercially available plastic sheet 
containing cholesteric liquid crystals was fastened over the heater with 
double-sided tape. 

The gold heater was checked for uniformity in still air by using the 
liquid-crystal sheets to monitor temperature gradients. The liquid crystal 
was calibrated in a water bath to determine the temperature that corresponded 
to color. Yellow indicated a temperature of 54.8 + 0.2 °C (130.6 + 0.4 °F). 

In operation, the cylinder was heated by passing an electric current 
through the gold film. This supplied a uniform heat flux at the surface of 
the cylinder. Electric power to the model was adjusted so that the area of 
interest on the surface turned yellow. Neglecting radiation and conduction 
losses, which are small, the heat transfer coefficient can be computed as 


' T - T 

yellow air 

Thus yellow traces an iso-heat-transfer coefficient contour on the model. 


Traversing Cylinder 

Turbulence measurements near the surface of the cylinder were made with a 
traversing cylinder (fig. 5). This cylinder was made of wood and had a hole 
drilled along a diameter. A hot-wire probe could be inserted through this 
hole and positioned close to the surface. The area around the hot-wire probe 
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was filled in with modeling clay to match the contour of the cylinder. The 
traversing cylinder extended through holes in the tunnel walls; felt was used 
as a seal between the cylinder and the walls. The cylinder could thus be 
traversed axially across the tunnel span or rotated about its axis, carrying 
the hot wire with it. 


ERROR ANALYSIS 

An error analysis was performed for each of the spanwi se-averaged heat 
transfer data points by the method of Kline and McClintock (ref. 20). The 
average error for all of the data points was 5.7 percent, and the maximum 
error for any one data point was 7.8 percent. Error estimates were not made 
for the hot-wire and liquid-crystal data. 


RESULTS AND DISCUSSION 

In this section spanwi se-averaged heat transfer distributions around a 
circular cylinder in cross flow, are presented for high and low free-stream 
turbulence as well as the effect of surface roughness. Hot-wire measurements 
are presented to demonstrate amplification of vorticity in the free stream as 
the flow approaches the stagnation region. Finally, flow visualization and 
thermal visualization are combined to show the relationship between vortex 
pairs formed in the stagnation region and spanwise variations in surface heat 
transfer. 


Spanwi se-Averaged Heat Transfer 

Nusselt number as a function of angle from the stagnation point was 
determined for the four cases (fig. 6). All of the data were taken at a 
Reynolds number of 177 000 (based on free-stream conditions and cylinder 
diameter). Low-turbulence data were taken with a clear tunnel and high- 
turbulence data were taken with a biplane grid. The grid produced turbulence 
of about 2.4 percent with a scale of 0.50 cm (0.20 in). Also plotted on the 
figure is an exact solution of the laminar boundary-layer equations due to 
reference 1. The data shown on figure 6 were for the cylinder without the 
afterbody; data taken with the afterbody in place were identical within 
experimental error. 

Smooth surface - low turbulence . - The agreement between the exact 
solution and the smooth-cylinder, low-turbulence data is well within the 
experimental error and thus confirms the accuracy of the experimental method 
(fig. 6). 

Smooth surface - high turbulence . - For the cylinder placed downstream of 
the biplane grid (fig. 6) turbulence increased the heat transfer virtually 
uniformly around the circumference (measurements were only made up to 50° from 
stagnation) by about 30 percent. This agrees well with the data of other 
observers: for example, the theory of reference 2 predicts an increase in 

Nusselt number at the stagnation point of 27.8 percent for these conditions. 

Rough surface - low turbulence . - Adding sand roughness to the cylinder 
surface with 0.5-percent free-stream turbulence did not change the heat 
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transfer rate at the stagnation point from the smooth-surface case (fig. 6). 
As the angle from stagnation increased, however, the heat transfer rate also 
increased, most likely because boundary-layer transition was triggered by the 
roughness elements. 

Rough surface - high turbulence . - For the sand-roughened surface with 
2.4-percent free-stream turbulence the effect of free-stream turbulence was 
greatest nearest the stagnation point, where the heat transfer rate was again 
about 30 percent higher than in the low-turbulence case. As the angle from 
stagnation became larger, the high- and low-turbulence data (rough surface) 
merged as the boundary layer became more turbulent. 

Surface roughness had no effect on heat transfer at the stagnation line 
but changed the character of the boundary layer in the downstream direction. 
It seems that the boundary layer on the smooth surface remains laminar at the 
Reynolds numbers tested (i.e., no turbulence is produced within the boundary 
layer). Free-stream turbulence somehow acts on a laminar boundary layer to 
augment heat transfer. 


Hot-Wire Measurements 

Streamwise traverse . - A streamwise traverse of a single hot wire was 
performed with the wire oriented parallel to the 6.6-cm (2.6-in) diameter 
cylinder axis and as close as possible to the plane of the stagnation 
streamline. An array of 0.05-cm (0.02-in) parallel wires spaced 12.5 wire 
diameters apart was located 4.21 cylinder diameters (547.5 wire diameters) 
upstream of the stagnation point. This wire array produced vorticity 
(gradients in the mean velocity) in an orientation that could be stretched and 
amplified. The traverse was made 0.044 to 3.06 cylinder diameters upstream of 
the stagnation point at a Reynolds number of 177 000 (based on cylinder 
diameter). It is typical of all traverses made over the Reynolds number range 
(31 000 to 177 000). The mean velocity (fig. 7) fell monotonically as the 
stagnation region was approached. The fluctuating velocity (rms, fig. 7), 
however, first decayed with distance downstream of the grid (decreasing X/D) 
and then sharply increased and peaked at about 0.085 cylinder diameter 
upstream from the stagnation point. This peak was far outside the predicted 
laminar boundary-layer thickness of 0.003 cylinder diameter (ref. 16). These 
results are very similar to those of reference 12. 

Spanwise traverse . - Two spanwise traverses of a hot wire oriented 
perpendicular to the cylinder axis and centered in the plane of the stagnation 
streamline were made. The cylinder leading edge was located 4.21 cylinder 
diameters downstream of an array of 0.05-cm (0.02-in) diameter parallel wires 
spaced 37.5 wire diameters apart. Both traverses were made at a Reynolds 
number of 31 000 (based on cylinder diameter) and are typical of those for the 
complete Reynolds number range. Both traverses are presented at the same 
scale in figure 8. For the traverse taken at 1.06 cylinder diameters upstream 
from the stagnation line, the wire wakes are clearly visible in the mean 
velocity trace. The turbulent fluctuations are high in the wire wakes and low 
in the relatively undisturbed flow between wires. At 0.095 cylinder diameter 
upstream the mean velocity greatly decreased, but the depth of the wake 
increased, an indication of increasing vorticity as the stagnation region was 
approached. The fluctuating component of velocity also increased in the wire 
wakes as the stagnation region was approached. 
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Circumferential traverses . - A hot wire oriented parallel to the cylinder 
axis and located 0.012 cylinder diameter from the cylinder surface was 
traversed in the circumferential direction +21° at a Reynolds number of 
125 000 (based on cylinder diameter). For the clear tunnel (fig. 9(a); i.e., 
free-stream turbulence intensity less than 0.5 percent), the mean velocity 
increased with angle from stagnation as the flow accelerated around the body, 
and the fluctuating component of velocity was lowest at the stagnation point. 
This functional form of the fluctuating velocity with angle was independent of 
Reynolds number for all flows tested with the clear tunnel. For an array of 
parallel 0.05-cm (0.02-in) diameter wires spaced 12.5 wire diameters apart and 
located 547.5 wire diameters upstream of the stagnation line (fig. 9(b)), the 
mean velocity trace was identical to that for the clear tunnel, but the 
fluctuating velocity had completely changed. The minimum at the stagnation 
line in the clear tunnel changed to a maximum, and the level away from the 
stagnation region decreased. The large variations in fluctuating velocity 
with angle in the clear tunnel were damped. This change in character was 
Reynold-number dependent: below a Reynolds number of 95 000 (based on 

cylinder diameter; 730 based on wire diameter), the fluctuating velocity was 
at a minimum at the stagnation point with or without a wire array 
(fig. 9(a)). Above a Reynolds number of 95 000 the fluctuating velocity 
looked like figure 9(b). We have no explanation for this phenomenon. 


Simultaneous Flow - Thermal Visualization 

The smoke-wire flow visualization and liquid-crystal thermal 
visualization techniques were combined to show the relationship between 
spanwise variations in heat transfer and vortices in the stagnation region. 
These vortices were formed from the wakes of wires placed upstream of the 
cylindrical leading edge and arranged as shown in figure 5. The leading-edge 
region for the 6.6-cm (2.6-in) diameter cylindrical-leading-edge model with 
afterbody taken at a Reynolds number of 13 000 is shown in figure 10. The 
Reynolds number for the wires was about 100; for wire Reynolds numbers less 
than 120 the wakes were laminar (i.e., no Karman trails were formed). The 
dark lines on the surface of the model were drawn in a 1.27-cm (0.5-in) square 
grid pattern for visual scaling. The model and relative camera position are 
shown in figure 11 . 

The smoke shows that a vortex pair formed from the wake of each wire. 

The vortices were well outside the theoretical laminar boundary layer. The 
dark, vertical stripes in the liquid crystal were regions of low temperature 
and thus high heat transfer. Thus, contrary to expectations, the regions of 
highest heat transfer were not under the vortices but between vortex pairs, 
where the free-stream turbulence was lowest. In this region the induced 
velocity from neighboring vortex pairs was directed toward the cylinder 
surface. Conversely, the region of minimum heat transfer was directly under 
the vortex pair. This was the region of highest free-stream turbulence as 
measured by a hot wire outside the boundary layer. Figure 12 shows 
schematically the spatial relationship of the wires, wakes, vortex pairs, and 
the peaks in heat transfer. 

The heat transfer - vortex pattern was the same for all three models used 
(fig. 4). It was the same for the cylinder without the afterbody as for 
cylinder with the afterbody. The half-scale model with the afterbody also had 
the same heat transfer pattern, but the vortices appeared smaller in diameter 
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at the same free-stream velocity. The spanwise spacing of vortex pairs 
remained equal to the wire spacing. The Reynolds number for the half-scale 
model was one-half that for the large cylinder with the afterbody. 

For the half-scale model the spanwise heat transfer coefficient varied 
along the stagnation line (i.e., (maximum h - minimum h)/0.5 (maximum h + 
minimum h)) from 7 percent at a Reynolds number of 16 000 to 16 percent at a 
Reynolds number of 89 000. This is the magnitude found for spanwise 
variations in mass transfer caused by periodic irregularities in a screen 
(ref. 21). Such measurements were not made for the other models. 

High-speed motion pictures of smoke near the stagnation point of the 
cylinder without the afterbody were taken at a Reynolds number of 13 000. 
Vortices still were formed in the stagnation region, but the stagnation point 
oscillated because of alternate vortex shedding from the rear of the cylinder. 

Vortices were only visible for Reynolds numbers less than about 120 
(based on wire diameter). At higher Reynolds numbers the wire wakes became 
unstable and finally fully turbulent, making it impossible to see the 
vortices. The heat transfer pattern, however, remained unchanged at all 
Reynolds numbers, indicating that the vortices must still be there although 
they could not be seen. A time-exposure photograph was taken in the hope that 
the random fluctuations from the wire wakes would be averaged out and the 
relatively steady vortex pattern would thus be made visible. The random 
fluctuations were indeed averaged out, but no steady vortices could be seen. 


SUMMARY OF RESULTS 

This report has presented preliminary results of a study to investigate 
the relationship between free-stream turbulence and heat transfer augmentation 
in the stagnation region. The effects of free-stream turbulence and surface 
roughness on spanwise-averaged heat transfer were investigated. Turbulence 
was measured upstream of a cylinder placed in the wake of an array of parallel 
wires that were perpendicular to the cylinder axis. Finally, flow 
visualization and thermal visualization techniques were combined to show the 
relationship between vortices in the stagnation region and spanwise variations 
in heat transfer. 

The major conclusions were as follows: 

1. Surface roughness has no effect on heat transfer at the stagnation 
point. 

2. Free-stream turbulence has the same effect on heat transfer at the 
stagnation point for smooth and rough cylinders. 

3. The boundary layer downstream of the stagnation point remains laminar 
in the presence of free-stream turbulence and is forced into transition by 
surface roughness for the range of Reynolds numbers and turbulence levels 
tested. 


4. Vorticity in the form of mean velocity gradients is amplified as it 
approaches the stagnation region. 
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5. Turbulent fluctuating velocity is amplified as it approaches the 
stagnation region, reaches a peak, and then is damped as it approaches the 
boundary layer. 

6. Heat transfer in the stagnation region is highest where the turbulent 
fluctuations are lowest. This occurs between the wakes formed by parallel 
wires upstream and perpendicular to the axis of the cylinder. This 
corresponds to the region between vortex pairs, where the velocity induced by 
the vortices is toward the cylinder surface. Conversely, the lowest heat 
transfer occurs where the induced velocity is away from the cylinder surface, 

7. Vortices formed in the stagnation region from mean velocity gradients 
are well outside the theoretical laminar boundary layer. 
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Figure 1. - Schematic of wind tunnel. 



Figure 2. - Spanwise-averaged heat transfer model. 



Figure 3. - Heat flux gauge. 
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Figure 6. - Effect of free-stream turbulence and surface roughness on spanwi se-averaged heat transfer 
for cylinder in crossflow. Re = 177 000. 



XI D 


Figure 7. - Streamwise traverse of hot wire close to stagnation streamline. 
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X/D - 0.095 



Z-DIRECTtON 


Figure 8. - Spanwise traverses of hot wire near cylinder stagnation point. (Abscissa of rms and mean 
velocity plots is offset slightly because of pen offset on x-yy ' recorder.) 



ANGLE FROM STAGNATION, deg 
(b) Wire array upstream. 

Figure 9. - ©-direction hot-wire traverse. Rep = 125 000. 
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Figure 10. - Combined thermal and flow visualization of cylinder in crossflow. 
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Figure 11. - Liquid-crystal model and relative camera position. 
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Z-DIRECTION 


Figure 12. - Relationship of wire-produced wakes, vortex pairs, and peaks in heat transfer. 
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TRANSITION IN A DISTURBED ENVIRONMENT 


E. Reshotko and D.K. Paik 
Case Western Reserve University 
Cleveland, Ohio 44106 


The title of this presentation is the title of our research grant. While 
transition study is the objective of the work, the results to date are princi- 
pally on the properties of turbulent boundary layers at low Reynolds numbers. 


EXPERIMENTAL EQUIPMENT 

The work was done in a small open-return wind tunnel of poor flow quality. 

Furthermore its flow quality could easily be made worse. The tunnel (fig. 1) 
is 19.7 cm (7-3/4 in) high. The test section is about 66 cm (26 in) long. The 
flow velocity is of the order of 6 m/sec (20 ft/sec) so that unit Reynolds num- 
bers are about 366 000/m (120 000/ft). The test plate spans the tunnel and 
fills the length of the test section. The plate leading edge is elliptical, 
and a small flap is attached to the downstream end of the plate to set the 
attachment line on the working side of the leading edge of the plate. Measure- 
ments were made over the first 18 cm (0.6 ft) downstream of the leading edge by 
using a translating hot-wire probe in the spanwise centerplane. No spanwise 
variations are measured. Length Reynolds numbers for all of the data recorded 
were under 75 000. Test section turbulence levels were altered by placing 
grids at the location ahead of the contraction indicated in figure 1. The 
grids used and the corresponding test-section turbulence levels are shown in 
figure 2. 


MEAN BOUNDARY-LAYER RESULTS 

The mean boundary-layer development is shown in figure 3. In the absence 
of a grid the growth of Re e (fig. 3(a)) seems to be laminar, but the 
values are at about twice the Blasius level for the same distance from the 
leading edge. With grid 1 the boundary layer starts growing at a more rapid 
rate (shaded points) beyond 9 cm from the leading edge. For grid 2 the more 
rapid growth begins at about 6 cm from the leading edge. The corresponding 
shape factors are shown in figure 3(b). In the absence of a grid the shape 
factors decrease continuously from about 2.6 to 1.9 over the range of measure- 
ment. The no-grid data are believed to be transitional for reasons to be elab- 
orated later. With grids 1 and 2 the shaded points corresponding to the more 
rapid growth in momentum thickness in figure 3(a) have shape factors below 1.7 
and are believed to be turbulent. For these points a shear velocity u T 
could be obtained by fitting the profiles to a law of the wall. 

An example of the determination of u T is shown in figure 4 for the 
grid 2 profile at x = 9 cm. The law-of-the-wal 1 expression used is the alge- 
braic form developed by Musker (ref. 1) that includes the laminar sublayer and 
the buffer layer and in the log-linear region displays Coles' constants 
(ref. 2). By comparing the experimental points made dimensionless with dif- 
ferent values of u T with the Musker curve, a value of u T of 0.34 m/sec 
(1.12 ft/sec) was chosen based primarily on the points in the near log-linear 
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region. A more impressive fit is shown in figure 5. To be noted in both 
figures 4 and 5 is the absence of a wake component to the velocity profile. 
This is true of all the points obtained with grids 1 and 2 that are identified 
as turbulent. 


For the no-grid case (fig. 6) a shear velocity determination could not be 
made in this way as the profiles did not display law-of-the-wall similarity. 
Hence what is plotted is u/u e versus y/5. The boundary-layer thickness 
6 is not a measured thickness. Rather it is computed from the displacement 
thickness and shape factor by using the relation &/&* = (H + 1)/(H - 1). With 
this normalization the location where y/s = 1 corresponds to a 0.95 veloc- 
ity ratio. The profiles are collapsed for y > 6, while for y < & the 
velocity profiles fill out with distance downstream. This supports the ident- 
ification of the no-grid data as transitional. 

Next, we consider the skin friction behavior of the turbulent points 
obtained with grids 1 and 2. Shown in figure 7 is a semilog plot of u e /u T 
versus Re e . The present data are the shaded points in the lower left of the 
figure, which correspond to the shaded points in figure 3. The other points 
come from prior investigations of flat-plate turbulent boundary layers at low 
turbulence levels and include the Wieghardt data as reduced by Coles (ref. 3), 
the data of Purtell, Klebanoff, and Buckley (ref. 4), and the data of Murlis, 
Tsai, and Bradshaw (ref. 5). All these data at low turbulence level seem con- 
sistent with each other and with Coles' (ref. 2) model based on a diminishing 
wake strength as Re e reduces toward a value just below 500. The present 
data display both the level and slope for u e /u T versus Re© of a 
boundary layer that has no wake strength. This is seen by comparison with the 
calculated curve from the Musker profile for ir = 0. 

In 1962, Coles (ref. 2) did allude to the reduction in wake strength and 
elevated skin friction to be expected with an increase in turbulence level. A 
more plausible physical hypothesis has been advanced by Huffman and Bradshaw 
(ref. 6) through their comparison of turbulent boundary layers developing under 
a quiescent irrotational free stream with the turbulent flow in pipes, where 
the turbulent core is neither quiescent nor irrotational. In the latter flow 
there is no observable wake; in the former there is definitely a wake component 
to the velocity profiles. For the turbulent boundary layer at low Reynolds 
numbers in quiescent environments, Huffman and Bradshaw attribute the erosion 
of the wake component to the increased importance of the viscous superlayer - 
the interface between the boundary layer and the irrotational external flow - 
in eroding the wake component. For external flows at elevated free-stream 
turbulence - by analogy to the situation in pipes - the wake component is 
eroded more severely if not entirely as in the present results. An attempt 
will be made in our future work to develop this argument further in conjunction 
with other data sets for turbulent boundary layers developing in disturbed 
streams . 


DISTURBANCE FLOW RESULTS 

Figures 8 and 9 show the longitudinal turbulence intensity distribution 
at various values of Re e for the grid 1 and grid 2 data, respectively. 

The peak value of u'/u T is about 2.35 to 2.4 at y + = 13. The approximate 
similarity shown in the figures is in good agreement with the results of 
Purtell et al. (ref. 4). Beyond the peak, the data points fall until they 
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eventually level at Ue/u T corresponding to the free-stream disturbance 
level. Taken together with the u e /u T values for these profiles, they give a 
measure of the free-stream disturbance level, which turns out to be about 
5.5 percent for grid 1 and 6.7 percent for grid 2. The Purtell et al . (ref. 4) 
data shown in figure 9 indicate significantly lower free-stream disturbance 
levels and also some spreading with Reynolds number beyond the peak. One can 
perhaps surmise the Reynolds number dependence of viscous superlayer effects 
in the Purtell data that are absent in the present results for high free-stream 
disturbance levels. 

For the no-grid case (fig. 10), we do not have u T as a reference quan- 
tity. Plotted in figure 10 therefore is u'/u e versus y/6*. The profiles 
fill out with distance downstream, but the peak values occur consistently at 
y/6* of about 1.2, very close to the location of y/6* = 1.33 for which the 
low-frequency u' peak was observed in laminar flows at low free-stream tur- 
bulence levels by Klebanoff (ref. 7) and others. It would be of interest to 
see if the Klebanoff argument when applied to law-of-the-wal 1 turbulent pro- 
files explains the observed peak at y + = 13. 

It is of interest at this point to look at disturbance spectra. Figure 11 
shows spectra taken in the free stream 6 cm downstream of the leading edge of 
the plate for the three free-stream disturbance levels. Note the increase in 
intensity at the low frequencies with increase in turbulence level due to the 
grids. Inside the boundary layer, the spectra for grids 1 and 2 (figs. 12 and 
13, respectively) are essentially unchanged with downstream distance at these 
high disturbance levels. For the no-grid case, however, there are progressive 
changes in the shape and intensity of the spectra (fig. 14). Although the 
intensities there are small, the largest growth rates occur in the frequency 
range 50 to 100 Hz (fig. 15), corresponding to IWu£ between 120x10"® 
and 250xl0" 6 . It is premature to ascribe any linear instability connotations 
to this result. 


SUMMARY 

The foregoing is an interim report of our investigation. It is apparent 
that there is much yet to be done. One thing that is fairly clear is that no 
standard laminar flow was observed. Furthermore the turbulent mean flow data 
seem reasonable for the elevated disturbance levels of our tests in the sense 
that there is no discernible wake component to any of the profiles and that 
the variation of skin friction with Ree is consistent with zero wake 
strength. The no-grid data are in all likelihood transitional. This case 
requires additional concentrated study in order to obtain more definite infor- 
mation regarding the transition process in a disturbed environment. 
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Figure 1. - Schematic diagrams of wind tunnel and test plate. (Dimensions are in inches.) 
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Distance from leading edge, x, cm 

(a) Boundary-layer growth. 

(b) Shape factor variation. 


Figure 3. - Mean boundary-layer development. 
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Figure 8. - Distribution of longitudinal fluctuating velocity - grid 1. 
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Figure 9. - Distribution of longitudinal fluctuating velocity - grid 2. 
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(a) x = 18 cm. (c) x = 12 cm. 

(b) x = 15 cm. (d) x = 9 cm. 

(e) x = 6 cm. 

Figure 12. - Spectra of u* with increasing distance from leading edge - grid 1. 
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(a) x = 18 cm. (c) x = 12 cm. 

(b) x = 15 cm. (d) x = 9 cm. 

(e) x = 6 cm. 

Figure 13. - Spectra of u' with increasing distance from leading edge - grid 2. 
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Figure 15. - Relative amplitudes of selected frequencies - no grid. 
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EXPERIMENTAL OBSERVATION OF TRANSITION BEHAVIOR ON A FLAT PLATE 


Henry T. Nagamatsu 
Rensselaer Polytechnic Institute 
Troy, New York 12181 


INTRODUCTION 

In studying transition behavior a shock tube and tunnel were used to pro- 
duce high temperatures, and thin-film platinum heat gauges were used to measure 
local heat flux as well as to detect the transition of the laminar boundary 
layer over a flat plate and a cone. Initial investigations were conducted in 
the hypersonic shock tunnel to obtain high-temperature information for the 
development of an ICBM nose cone. Shock Mach numbers as large as 50 with a 
temperature of 15 000 K after the incident wave were produced in the driven 
tube (ref. 1). And now we are using shock tubes to investigate the heat trans- 
fer over various surfaces to 2500 K for the development of future gas turbines. 

The shock tube is an ideal method of producing high-temperature gas for 
which the equilibrium properties are fairly well known. Thin-film platinum 
heat gauges are either sputtered (ref. 2) or painted (ref. 3). These gauges, 
with a response time of 1 ysec are effective in detecting the transition of 
the laminar boundary layer (refs. 3 to 6) as well as in measuring the local 
heat flux. 

I will describe the shock tubes that were constructed at Rensselaer 
Polytechnic Institute, under the sponsorship of Dr. R. Graham of the NASA Lewis 
Research Center and Dr. W. Aung of the National Science Foundation, to obtain 
heat transfer information over a temperature range 360 to 2500 K for the design 
of advanced jet engines. I will describe the thin-film heat gauges that were 
developed and some of the experimental heat transfer results for laminar, 
transition, and turbulent boundary layers. The transition phenomenon has been 
investigated with heat gauges since 1960 in shock tubes and tunnels; some of 
the results are presented in references 2 to 8. 


DESCRIPTION OF SHOCK TUBES AND HEAT GAUGES 
RPI Low- and High-Pressure Shock Tubes 

RPI low- and high-pressure shock tubes (refs. 3 and 7) are shown in figure 
1. Both of these shock tubes are 21 m (70 ft) long with a diameter of 10.2 cm 
(4 in), and the drivers are 3 m (10 ft) long with 18.3 (60-ft) long driven 
tubes. The low-pressure tube is copper tubing with a maximum pressure of 690 
kPa (100 psi); the maximum pressure for the stainless steel tube is 12 400 kPa 
(1800 psi). In the high-pressure shock tube it is possible to obtain heat 
transfer data at a pressure of 4150 kPa (600 psi) and temperatures to 2500 K 
for future water-cooled gas turbines for generating power. At the end of the 
high-pressure shock tube a nozzle with an exit diameter of 60 cm (24 in) can 
be attached. With this hypersonic nozzle a flow Mach number of 25 in air has 
been achieved (ref. 1 ) . 
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At present we are using both shock tubes to obtain heat transfer over flat 
plates with and without pressure gradients, stagnation point heat transfer for 
circular cylinders, and heat transfer in gas turbine vanes. The results 
obtained in the low-pressure shock tube on the laminar boundary-layer transi- 
tion and heat transfer for laminar, transition, and turbulent boundary layers 
will be discussed. 

To orient people who are not familiar with the shock tube technique, the 
operation of the shock tube is briefly described. A shock tube (x~t) diagram 
is presented in figure 2. The pressures in the driver and driven tubes are 
selected to produce the desired heated air in the test section (ref. 9). The 
locations of the shock wave, the contact surface, and the head of the rarefac- 
tion wave in the driver after the diaphragm separating the driver and the 
driven tube is broken and at time t = t-| are shown in figure 2. Across the 
incident shock wave the gas is heated to temperature T 2 , compressed to pres- 
sure P 2 , and imparted flow velocity V 2 - The incident shock wave is 
reflected from the end of the tube (as shown in fig. 2 for time t = t 2 ). 

After the reflected shock wave the gas is further heated to temperature T 5 
and compressed to pressure P 5 . For a solid end wall the flow velocity after 
the reflected shock wave is zero and is a function of the ratio of the open 
area in the end wall to the shock tube cross-sectional area. By selecting this 
area ratio it is possible to produce the desired flow Mach numbers of 0.15 and 
0.45 after the reflected shock wave to simulate the inlet flow Mach numbers for 
gas turbine vanes and blades, respectively. 

Heat transfer distribution over bodies can be determined in region 2 after 
the incident shock wave or in region 5 after the reflected shock wave from the 
reflection plate (refs. 3, 7, and 8 ). The duration of the test time in the 
test section is limited by the arrival of the expansion wave from the driver 
end (fig. 2). The shock tube is a very effective method for producing high- 
temperature and high-pressure gas for which the thermodynamic properties are 
well defined for the equilibrium condition. 

A test section with a square cross section with area equal to that of the 
10.2-cm (4-in) diameter driven tube was constructed and attached to the end of 
the low-pressure shock tube. This section was constructed with adjustable top 
and bottom walls to permit testing with a pressure gradient over the flat plate 
(fig. 3) for simulating the accelerating flow over vanes and blades. Windows 
are mounted to side walls for taking schlieren photographs of the boundary 
layer over the flat plate. 

Piezoelectric pressure transducers (e.g., fig. 4) are located in the test 
section to measure the pressure after the incident and reflected shock waves. 
The response time of the quartz pressure gauges is approximately 10 ysec. 

Thin-film platinum heat gauges were constructed by painting the platinum 
on the Pyrex substrate, which was placed in an oven to evaporate the solvent 
and to cause the platinum to adhere to the Pyrex. The platinum is approxi- 
mately 104 A thick and has a resistance of about 15 fi. At the General 
Electric Research and Development Center the heat gauges were fabricated by 
sputtering platinum to the glass to a thickness of approximately 300 A 
(refs. 2 and 4 to 6 ). These platinum heat gauges have a response time of a few 
microseconds and a current of approximately 30 mA. The heat gauge power supply 
schematic is shown in figure 5. A change in the surface temperature due to the 
heat transfer increases the resistance of the platinum and causes a voltage 
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change that is recorded on the oscilloscope. A computer is used to calculate 
the heat flux from the voltage trace (refs. 2, 3, and 7). 

A flat plate with a span of 9 cm (3.55 in) and with thin-film platinum 
heat gauges is shown in figure 6. The platinum film is about 0.305 cm 
(0.12 in) long and 0.15 cm (0.06 in) wide and the diameter of the glass disk 
is 0.13 cm (0.05 in). With these heat gauges it is possible to measure the 
local heat flux as well as to detect the transition of the laminar boundary 
layer. 


EXPERIMENTAL RESULTS AND DISCUSSION 


For evaluating the local heat transfer rate it is necessary to determine 
the heat gauge constant 8, which is defined as 


8 = 


^ c p k >b 

a 


(i) 


where p, Cn, and k are the density, specific heat, and thermal conduc- 
tivity of the backing material and a is the thermal resistivity of plati- 
num. The gauge constants 8 are used in calculating the heat transfer for 
each gauge. The gauge constant was obtained by accurately evaluating the ini- 
tial voltage jump that is displaced on an oscilloscope trace when the incident 
shock wave passes over the heat gauge. The expression for the heat gauge 
constant is 


8 = 


^O 

AE 
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T wil 
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1 

2 
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where Iq and Rq are initial gauge current and resistance, AE the step 
change in voltage, k w the thermal conductivity at the wall, T w the wall tem- 
perature, T w -j the insulated wall temperature, v w the kinematic viscosity at 
the wall, U 2 the velocity behind the normal stationary shock, U-j the free- 
stream velocity, and S 1 ( 0) a coefficient tabulated in reference 10. 

The heat gauge traces for laminar, transition, and turbulent boundary 
layers are presented in figure 7 for the flow over a flat plate (fig. 3), with 
a flow Mach number after a reflected shock wave of 0.12 and a gas temperature 
of 405 K. The laminar trace for a low Reynolds number (fig. 7(a)) is smooth 
after the passage of the reflected shock wave. As the Reynolds number 
increases, the transition trace (fig. 7(b)) shows oscillations associated with 
the passage of turbulent bursts over the heat gauge. For high Reynolds number 
with a turbulent boundary layer the heat gauge trace (fig. 7(c)) has a rela- 
tively smooth parabolic shape with a superimposed high-f requency oscillation 
caused by the presence of turbulent eddies. Similar heat gauge traces were 
observed for laminar, transition, and turbulent boundary layers over a 10° cone 
of 1.2-m (4-ft) length at Mach 10 (refs. 4 and 5) and of 2.4-m (8-ft) length 
for Mach 16 (ref. 6) and on the shock tube wall (ref. 3). The turbulent trace 
indicates the decrease in voltage output from the initiation of the flow over 
the flat plate. This decrease is due to the expansion wave from the shock tube 
driver arriving in the test section (fig. 2). 


51 



The experimental heat transfer rate was reduced from the voltage-time 
oscilloscope traces presented in figure 7. The voltage traces were then digi- 
tized by using a Talos digitizer to evaluate the corresponding local heat flux 
as a function of time and the following equation derived by Vidal (ref. 11) was 
used: 


q(t) 



2I 0 R 0 


Eft) + _l ( [yt » E(t)] -[yr. e(t)] 
yt wt -I, (t - T ) 3/2 " 



(3) 


This equation is solved by numerical integration through a computer program on 
the IBM 3033 and by using the digitized voltage data to obtain the experimental 
value for the local heat transfer rate, Stanton, and Nusselt numbers as func- 
tions of time. 


The experimental results for the laminar boundary-layer heat transfer to 
the shock tube wall (ref. 3) and flat plate (refs. 7 and 8) agreed well with 
Mirels' (ref. 10) prediction for the variation with time of the heat flux after 
the passage of the incident shock wave (as shown in fig. 8 for the shock tube 
wall). Similar laminar heat transfer variation with time after the incident 
shock wave was observed for the flat plate (refs. 7 and 8) at low Reynolds 
numbers. 


The digitized voltage trace and the corresponding local heat flux for 
laminar, transition, and turbulent boundary layers for the heat gauge located 
7.95 cm (5.16 in) from the leading edge of the flat plate are presented in 
figures 9(a) to (c)> respectively, for a gas temperature of 416 K, Mach 0.12, 
and a wall-to-gas temperature 0.71 (ref. 12). A laminar boundary layer was 
observed for a Reynolds number of 9.96xl0 3 , and the digitized voltage trace 
and the heat flux are presented in figure 9(a). The laminar boundary layer 
over the plate after the passage of a reflected shock wave is established in 
approximately 1 msec. There is a scatter in the heat flux result due to the 
digitizing of the heat gauge voltage trace. For a Reynolds number of 4.72xl0 4 
the boundary layer over the plate is in the transition regime with large vari- 
ations in the local heat flux (fig. 9(b)). These large fluctuations for the 
transition boundary layer are caused by the passage of turbulent bursts over 
the heat gauge (as observed previously in refs. 3 to 8). The fast response 
time of the thin-film platinum heat gauge detects the variation in the heat 
flux to the surface. A fully developed turbulent boundary layer was observed 
for a Reynolds number of 1.32x10^ (fig. 9(c)). The digitized voltage trace 
is relatively smooth and decreases after 12 msec when the expansion wave 
arrives from the driver section (fig. 2). The corresponding heat flux is 
nearly constant for the duration of the test gas over the heat gauge. Once the 
boundary layer is fully turbulent over the plate, a sublayer exists near the 
surface of the plate, and consequently the voltage trace is smooth with small- 
amplitude, high-frequency fluctuations (refs. 3 to 8). 


CONCLUSIONS 

A shock tube is a useful device to produce shock-heated air over a tem- 
perature range of 350 to 2500 K. By using a reflected shock wave technique it 
is possible to produce flow Mach numbers of 0.12 and 0.45 to simulate the flow 
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Mach numbers for future gas turbine vanes and blades, respectively. And it is 
possible to produce pressures as high as 40 atm after the reflected shock wave. 

Going from a circular driven tube to a square test section and deflecting 
the top and bottom walls permitted the investigation of the effects of pressure 
gradient on the heat transfer to a flat plate. This method simulates the 
accelerating flow through vanes and blades. 

Thin-film platinum heat gauges with a response time of approximately 
1 ysec can be used to detect the transition phenomena for the laminar bound- 
ary layer in subsonic to hypersonic flows. A computer is used to calculate 
from the heat gauge voltage output the local heat flux for laminar, transition, 
and turbulent boundary layers for gas temperatures as high as 2500 K. 
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High Pressure Shock Tube 


Low Pressure Shock Tube 


Figure 1. - RPI shock tube. 




Figure 2. - Ideal wave system in a shock tube. 
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Figure 4. - Kistler type-603 quartz pressure gauge and lead-zirconate-titanate piezoelectric crystal. 
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(a) Laminar, Re/cm = 698. 

(b) Transition, Re/cm = 3000. 

(c) Turbulent, Re/cm = 93 200. 

Figure 7. - Heat gauge traces for laminar, transition, and turbulent boundary layers. M = 0.12; 
T g = 405 K. 


57 



msec 


Figure 8. - Local heat transfer rate for laminar boundary layer. M 2 = 0.697; T 2 = 409 K 
Re/cm = 2.48x103. 
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(a) T g = 416 K; Re = 9.96xl0 6 . 

(b) T g = 405 K; Re = 4.72xl0 4 . 

(c) T g = 405 K; Re = 1.32xl0 6 . 

Figure 9. - Digitized voltage traces and heat transfer for laminar boundary layer. M = 0.12. 
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FLAT-PLATE TRANSITION 


Barbara A. Ercegovic 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


A heat transfer workshop held at Lewis in 1980 highlighted the need for 
more transition research. Therefore in 1981 we began a new research effort to 
build a boundary-layer transition tunnel. This facility only recently became 
operational. The data obtained so far are merely qualitative. The main goal 
is to predict heat transfer given any combination of factors such as pressure 
gradient, turbulence level, Reynolds number, or intermittency factor. 

The boundary-layer transition tunnel (fig. 1) is a closed-loop tunnel that 
controls the turbulence level, velocity, and temperature of the air within it. 
We may add the ability to control the unsteadiness. The lid of the test sec- 
tion is hinged and can be raised or lowered to set the test-section pressure 
gradient. The initial test surface is adiabatic, but we anticipate use of a 
heated or cooled test surface for investigating the effects of roughness or 
even curvature. The circuit (fig. 2) consists of a blower, a flow-conditioning 
box, a test section, a diffuser section, a damper valve, and an air heater. 

The return leg consists of an air filter box and a heat exchanger. The tunnel 
is essentially at atmospheric pressure, since the blower has a capacity of only 
about 3 kPa (12 in of H 2 O) . We can vary the air temperature within the tun- 
nel from about 15 to 65 °C (60 to 150 °F), but any given run is done at iso- 
thermal conditions. We will be testing over the velocity range 3.5 to 35 m/sec 
(10 to 100 ft/sec). The pressure gradient can be adjusted anywhere from 
adverse to favorable. The test section has a cross section 15.5 cm high by 
69 cm wide by 1.53 m long (6 in by 27 in by 5 ft). The static pressure 
distribution can be measured across the entire test surface. Thirty taps are 
located along the centerline 20 cm (8 in) on either side of center, with a 
slight concentration at the leading edge of the plate (fig. 3). The test sur- 
face is also instrumented with flush-mounted hot-film sensors, which are used 
to detect the transition. The hot-film sensors are concentrated along the 
centerline, with a few 15.5 cm (6 in) off center (fig. 4). Most centerline 
sensors are spaced 5.1 cm (2 in) apart. 

A major problem with this facility has been the flow distribution along 
the tunnel cross section. Because of the blower exit geometry there is a high 
degree of nonuniformity in the flow field. Figure 5 shows contour lines at the 
exit of the blower, before the flow-conditioning box. Each line is a line of 
constant velocity. The goal was a variation from the mean velocity of no more 
than +2 percent. As shown, the pattern is very nonuniform at this location. 

The flow-conditioning box uses perforated plates, screens, baffles, and "soda 
straws" to straighten out the flow. At the exit to the flow-conditioning box 
(fig- 6), going into the contraction, the flow distribution is greatly 
improved. To achieve various levels of turbulence, four sets of grids 
(table I) can be inserted into the flow-conditioning box, one at a time. The 
grids go from fine (1) to coarse (4). The percentage of open area ranges from 
61 to 65 percent. Turbulence intensities range from 0.46 percent with no grid 
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to 5.46 percent with the coarsest grid. This is for a free-stream velocity of 
about 16.8 m/sec (55 ft/sec). 

A continuous oscilloscope trace of one sensor located on the centerline 
about 45 cm (18 in) from the leading edge (fig. 7) shows Tollmien-Schlichting 
waves. The free-stream velocity in this case was 17.7 m/sec (58 ft/sec). The 
frequency of these disturbances was about 225 Hz, which is in the range of the 
Tollmien-Schlichting disturbance. Upstream sensors showed purely laminar flow 
with lower amplitudes in the disturbance. Downstream sensors showed higher 
amplitudes and occasional turbulent bursts. Figure 8 shows traces of sensors 
1, 2, 5, and 6, which are consecutive along the centerline of the test section. 
A turbulent burst is just entering upon sensor 1. It moves downstream and is 
picked up by the other sensors. The burst enlarges as it moves downstream. 
Figure 9 shows an oscilloscope trace of sensor 1, which is the first sensor on 
the centerline. The other three traces are for sensors 26, 27, and 28, which 
are the first three to the left of the centerline. A turbulent burst 
approaches sensor 26, moves on to sensors 27 and 28, and breaks down into tur- 
bulence. Since the turbulence does not appear on sensor 1, whatever is on 
sensor 1 does not necessarily show up on sensor 26. 

The remainder of the information contained herein is only qualitative and 
gives an idea of the type of data we will be able to obtain. Figure 10 shows 
the intermittency factor as a function of X, where intermittency is defined as 
the fraction of time that the flow is turbulent at any given location. For an 
intermittency factor of 1 the flow is fully turbulent. At the lowest Reynolds 
number and X = 56 cm (21 in), the intermittency factor is just beginning to 
increase above the zero (laminar) level. As the Reynolds number increases, 
this initial increase in intermittency factor moves upstream. Therefore as the 
Reynolds number increases, the onset of transition occurs earlier. Figure 11 
is a plot of the rms fluctuating output divided by the relative dc output as a 
function of X. The y-axis variable is a qualitative representation of the 
level of the fluctuation; it gives the starting location and shows the length 
of the transition zone. The voltage peaks within the transition region. At 
the lowest Reynolds number, about 300 000, the voltage begins to increase at 
X = 56 cm (21 in) but has not yet peaked. At a Reynolds number of 428 000, the 
voltage has begun to pick up, has peaked, and is dropping again at X = 56 cm 
(21 in). At the highest Reynolds number, 500 000, at X = 10 cm (4 in), the 
fluctuating voltage starts at a higher level, peaks, and then drops off and 
remains fairly constant at a level higher than that before the transition. 
Figure 12 is a plot of intermittency factor as a function of X for a unit 
Reynolds number of 1 500 000/m (490 000/ft). The pressure gradient K was 
varied within the test section by changing the position of the lid. For K = 0 
the intermittency is about 0.22 (i.e., transition has already started). At 
X = 31 cm (12 in), the flow is fully turbulent. For accelerated flow (i.e., 
positive values of K), transition is delayed downstream (e.g., for 
K = 13.8xl0 -8 ). For decelerated flow (i.e., negative values of K) , the 
starting point of the transition moves upstream, and the flow becomes fully 
turbulent at successively earlier locations on the flat plate. Figure 13 is a 
plot of the same data with the rms voltage over the dc output as a function of 
X. Again, for K = 0 the flow has already started into transition at 
X = 15.5 cm (6 in) since it has peaked and dropped off. As K becomes posi- 
tive, transition is delayed. As K becomes negative, the start of transition 
is pushed much farther upstream. The initial increase in the fluctuating 
voltage occurs at successively smaller values of X as K becomes increas- 
ingly negative. 
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TABLE I. - TURBULENCE LEVELS DOWNSTREAM 
OF CONTRACTION 


Y 



Grid 

Ratio of 
space to width 
of bar, 

X/Y 

Open area, 
percent 
of total 
area 

Turbulence, 

percent 

0 

(a) 

100 

0.46 

1 

0.69/0.19 

62 

.98 

fj 

2.06/0.50 

65 

2.06 

19 

5.50/1 .50 

62 

4.58 

Efl 

7.00/2.00 

61 

5.46 
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Figure 1. - Boundary-layer research. 
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Figure 2 


Figure 3. - Static pressure tap locations in boundary- layer transition tunnel 


Figure 4. - Thin-film sensor locations in boundary-layer transition tunnel 
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Figure 5. - Contour lines at blower exit. 
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Figure 7. - Trace of sensor located 45.7 cm (18 in) from leading edge. 



Figure 8. - Traces of four sensors located along centerline. 
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Figure 10. - Intermi ttency as function of distance from leading edge. 
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Figure 11. — rms fluctuating output as function of distance from leading edge. 


6 


Figure 


Figure 13. 



12. - Intermi ttency as function of distance from leading edge for Re/x = 490 000. 
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rms fluctuating output as function of distance from leading edge for Re/x = 490 000. 
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ABSTRACT 

Experimental results are presented to document 
hydrodynamic and thermal development of flat-plate 
boundary layers undergoing natural transition. Local 
heat transfer coefficients, skin friction coefficients, 
and profiles of velocity, temperature, and Reynolds 
normal and shear stresses are presented. A case with 
no transition and transitional cases with 0.68% and 
2.0% free-stream disturbance intensities were investi- 
gated. The locations of transition are consistent with 
earlier data. A late-laminar state with significant 
levels of turbulence is documented. In late-transiti- 
onal and early-turbulent flows, turbulent Prandtl num- 
ber and conduction layer thickness values exceed, and 
the Reynolds analogy factor is less than, values pre- 
viously measured in fully turbulent flows. 


NOMENCLATURE 


C 

P 

C f /2 

Pr 

Pr t 

q" 


Re 

Re 

Re 

St 

TI 


x 

6 * 

e 


U, V 


Specific heat 

Skin friction coefficient 

Prandtl number 
Turbulent Prandtl number 

Heat flux 
x-Reynolds number 

Displacement thickness Reynolds number 
Momentum thickness Reynolds number 

Stanton number 

Turbulence inten sity 

(T - T) A /o 
w w 

q"/(Pc p ) 

Strearawise and cross-stream velocity 


u', v 


u 



U + 


Strearawise and cross-stream velocity fluctu- 
ations 

Streamwise mean velocity 

Friction velocity (=/r /p) 

__ w 

= u/U T 


x Streamwise distance 

y Cross-stream distance from the wall 

+ _ y U T 

Y Inner coordinate, = — - — 

Y + . Conduction layer thickness in inne- coordi- 

c nates 

2 Spanwise distance from center-span 

Greek 

p Density 

T Shear stress 

v Kinematic viscosity 

6gg Boundary layer thickness based on 99% of 

A the free-stream velocity 

6 Displacement thickness 

8 Momentum thickness g2 ^ 

Ag Acceleration parameter, — 


Subscripts 

“ at free stream 

w at wall 


INTRODUCTION 

Transition from laminar to turbulent boundary layer 
flow effects significant increases in local wall shear 
stresses and convective heat transfer rates. These in- 
creases must be appropriately factored into the design 
of many types of equipment, e.g. compressor and gas 
turbine blades. Presently, the poor predictability of 
the location and streamwise coverage of transition on 
gas turbine blades results in either reduced longevity 
of the blade or reduced performance of the engine below 
design objectives. This inability to predict transi- 
tion is partially due to a lack of experimental data, 
both heat transfer and hydrodynamic, which isolate the 
separate effects on transition. This, in turn, has re- 
tarded the endeavor to understand the transition process 
and to develop general prediction models. Some effects 
which are known to influence boundary layer transition 
are free-stream turbulence, acoustic disturbances, sur- 
face vibration, surface roughness, streamwise accelera- 
tion, cross-stream straining, film cooling injection, 
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separation, compressibility effects, and streamwise 
curvature. Some characteristics of boundary layer 
transition which tend to exacerbate the difficulty in 
understanding the fundamentals are three-dimensionality; 
unsteadiness; interaction of several influences; and 
sensitivity to small influences which are not under the 
control of the experimenter or known to the designer. 

As much as 50-80% of a typical turbine blade surface is 
covered by flow undergoing transition (1). It is there- 
fore important that a program of systematic, well-con- 
trolled experimental studies be initiated to provide 
the data base necessary for developing improved transi- 
tion prediction models. 

The present experiment focuses on the effect of 
free-stream turbulence intensity and includes measure- 
ments of surface heat transfer rates as well as profiles 
of mean and turbulence quantities in the laminar, tran- 
sitional, and turbulent flows. This test is the begin- 
ning of a series of tests which isolate the effects of 
free-stream turbulence intensity, streamwise accelera- 
tion, and streamwise curvature on transition. It is 
part of an ongoing series of experimental investigations 
on gas turbine heat transfer at the Heat Transfer Labo- 
ratory of the University of Minnesota. 

As early as 1936. G. I. Taylor (2) analyzed free- 
stream turbulence effects on transition for flow past a 
sphere. His work is believed to be the first where the 
effects of free-stream disturbances on transition were 
discussed. Early experiments of boundary layer transi- 
tion on a flat plate were made by Hall and Hislop (3). 
Van Driest and Blumer (4) developed an early prediction 
model by assuming that the breakdown of laminar flow 
occurs whenever the maximum of the local cross-span 
vorticity in the boundary layer becomes sufficiently 
distant from the wall. Their model, which accounts for 
free-stream turbulence and streamwise acceleration 
effects, is still considered one of the better predic- 
tors of transition (5). Several constants in their 
model were determined from existing experimental data. 
Later, as more data became available, these constants 
were adjusted somewhat, e.g. (6). A f orcei-oscillation 
method for investigating boundary layer transition was 
introduced by Schubauer and Skramstad (7) to demonstrate 
the growth and evolution of disturbances in laminar 
flows. They concluded that when the free-stream turbu- 
lence intensity exceeds 0.1%, transition is caused di- 
rectly by random disturbances and is not precluded by 
selective amplification of sinusoidal oscillations (as 
with lower-disturbance flows). Klebanoff, Tidstrom, 
and Sargent (8) observed that, in low-disturbance flows, 
an initially two-dimensional wave, the growth of which 
is predictable by linear theory of instability, devel- 
ops three-dimensionalities — a feature of strong non- 
linear development. The termination of this develop- 
ment is indicated by a sudden increase in the wave am- 
plitude. Spangler and Wells (9) studied the importance 
of the frequency spectra and the origin of the disturb- 
ance (e. g. acoustic) on transition in low free-stream 
turbulence intensity flows (<0.10%). They determined 
the disturbance intensity, versus disturbance frequency, 
required to initiate transition. A review of the under- 
standing and prediction of transition, current to 1969, 
was presented by Tani (10) . 

An empirical model for predicting the onset and 
end of transition was proposed by Hall and Gibbings 
(11) . It included the effects of free-stream turbu- 
lence and streamwise pressure gradient. Recently Abu- 
Ghannam and Shaw (12) developed an empirical relation- 
ship for the prediction of the start of transition, the 
end of transition and the development of momentum 
thickness, shape factor, intermittency factor, and skin 
friction coefficient during transition. The sole para- 
meters in their model are the free-stream turbulence 


intensity and the free-stream acceleration. 

In the gas turbine environment, free-stream turbu- 
lence intensities are in the range 5-20%. To the 
authors' knowledge, few detailed transition studies 
have been conducted in such highly turbulent flows. 

Dyban, Epik, and Suprun (13) investigated the structure 
of laminar boundary layers developing under elevated 
free-stream turbulence intensities from 0.3% to 25.2%. 
They found a peak in oscillation magnitude within the 
boundary layer, believed to be caused by the penetration 
of free-stream fluctuations. This peak amplitude 
reached a maximum in the 4.5% free-stream turbulence 
intensity case. The waveform of this oscillation was 
not sinusoidal but more turbulent-like with energy dis- 
tributed across a wide range of frequencies. They call- 
ed the late-laminar boundary layers which show this be- 
havior "pseudo-laminar" to separate them from the lami- 
nar and transitional boundary layers which are consid- 
ered to be fundamentally different. The authors know 
of few other experiments where the turbulence (oscil- 
lation) development for natural transition through the 
laminar, "pseudo-laminar", transitional, and turbulent 
stages was documented (14, 15). More on transition can 
be found in Refs. (16-19). 

The above studies are for isothermal flows. The 
following are studies of heat transfer in transitional 
flows: Junkhan and Serovy (20) conducted experiments 

on a constant-temperature flat plate to investigate the 
effect of free-stream turbulence intensity on heat 
transfer through transitional boundary layers. They 
found no effects of free-stream turbulence intensity 
within the laminar flow — only the well-documented 
effect on the location of transition. Simon and Moffat 
(21) measured heat transfer rates in a boundary layer 
which was undergoing transition on a convex-curved sur- 
face. They concluded that the onset of transition was 
delayed and that the evolution of transition was retard- 
ed by convex curvature. Recently, Blair (22, 23) con- 
ducted several tests on a uniformly heated flat wall 
where free-stream turbulence intensities were varied 
over the range 0.7% to 6.0%. He concluded that fully 
turbulent mean velocity profiles were established 
faster than fully turbulent mean temperature profiles. 
This indicates a breakdown of the Reynolds analogy and 
a larger effective turbulent Prandtl number in the 
very early turbulent flow than in a mature turbulent 
flow. He also showed that the transition Reynolds num- 
ber is insensitive to streamwise acceleration for 
Ag < 0.08 over this turbulence intensity range. This 
is consistent with the van Driest and Blumer model. 

In the present study, Reynolds streamwise-normal 
stresses were measured in addition to surface heat 
transfer coefficients and mean velocity and temperature 
profiles to show the evolution of the turbulence struc- 
ture inside laminar, transitional, and turbulent bound-, 
ary layers during natural transition. Reynolds shear 
stresses were measured in the early-turbulent boundary 
layer. Two free-stream turbulence intensity levels, 

0.68% and 2%, were investigated. The streamwise pres- 
sure gradients in the three tests were small, and believed 
to be insignificant, with Ag < 0.02. Values in excess 
of 0.05 are needed to have a perceptible effect on the 
location of transition for these free-stream turbulence 
intensity values (4). 

EXPERIMENTAL FACILITY 

The test program employed the open-circuit, bound- 
ary layer heat transfer facility shown in Fig. 1. Air 
is first drawn through 5 pm filter material to a large 
centrifugal blower, then forced through a finned-tube 
heat exchanger and screen pack assembly to enter the 
test region. Free-stream nominal velocities were 
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O Total Pressure 
A Temperature Probe 
X Hot-Wire Probe 
• Embedded Thermocouples 



FIG. 2 MEASUREMENT LOCATIONS - HEATED BOUNDARY LAYER 
FLOW DATA TAKEN AT "A" STATIONS AND ISOTHERMAL 
FLOW DATA TAKEN AT "B" STATIONS 

12 m/s and 35 m/s, uniform to ± 0.2% across the tunnel 
cross-section, for the present experiment, and the 
free-stream temperature was nominally 25 C, uniform to 
± 0.05°C and constant to within ± 0.2°C. The room 
temperature, was held constant to within ± 0.5 C. The 
test region is rectangular, 11. A cm x 68.6 cm (A. 5 
inches x 27 inches) in cross-section, and 1.4 m (55 
inches) long. The test section was designed and con- 
structed so that transition data with streamwise wall 
curvature could eventually be taken. For this straight- 
wall study, it was necessary to insert end-walls begin- 
ning with sharp leading edges after 50 cm of the 
streamwise length and continuing throughout the re- 
mainder of the test region. These inserted end-walls 
reduced the effective span from 68.6 cm to 30.5 cm as 
shown in Fig. 2. One side wall of the tunnel, 

68.6 cm x 1.4 m, was heated to nominally 10 C above the 
oncoming air temperature with a heat flux of 240 W/m^, 
uniform to ± 1.0%. 

This is the heated, flat wall upon which data for 
the present study was taken. Strong suction was ap- 
plied at the leading edge of this wall to remove the 
boundary layer which grows inside the nozzle. There- 
fore, the initial flow on the test wall simulated the 
classical sharp-leading-edge configuration. The heated 
test wall is flexible so that transition studies with 



FIG. 3 STANTON NUMBERS AND SKIN FRICTION COEFFICIENTS 
VS. x- REYNOLDS NUMBER 

varying degrees of streamwise curvature could later be 
taken. The description of this heated wall follows. 

It begins with the surface adjacent to the room (the 
outside) and proceeds to the test surface (the inside) . 

A 15.2 cm (6 inch) thick fiberglass insulation pad was 
installed on the outside of a 5 mm (3/16 inch) thick 
polycarbonate plastic (Lexan) support wall to minimize 
heat transfer to the room. Attached to the inside of 
the support wall is a 1 mm (0.045 inch) thick heating 
pad constructed of heater foil sandwiched between glass 
cloth and silicon rubber sheets. The foil provides 
Joule heating when energized with 60-cycle AC current 
using variable transformer voltage control. Bonded to 
the heater is a 0.25 mm (10 mil) thick rubber spacer 
within which 120, 3-mil, chromel-constantan thermocouple 
wires were embedded. These thermocouples are distrib- 
uted along the wall center-span, with a 2.54 cm (1 inch) 
spacing, and were uniformly distributed across the span 
at five streamwise locations (see Fig. 2). Covering 
the thermocouples, in contact with their junctions, and 
bonded to the spacer, is a 0.1 mm (4 mil) thick sheet 
of stainless steel. Bonded to the stainless steel and 
providing the test surface is a 0.025 mm (1 mil) thick 
sheet of reflective film. This film, type P-19 manu- 
factured by the 3M Company, was added to reduce the un- 
certainty attributable to radiation exchange with the 
test wall. 

The free-stream and boundary layer mean tempera- 
tures were measured with 3-mil thermocouples construct- 
ed of wire from the same manufacturing run as that of 
the embedded thermocouples. The thermocouples were 
calibrated in the tunnel against a calibrated, preci- 
sion thermister known to be stable by continued compar- 
ison against a platinum resistance thermometer in the 
calibration laboratory. Mean velocity profiles were 
measured using 0.7 ram (28 mil) O.D. boundary layer 
total pressure tubes, 0.063 mm (2.5 mil) wall static 
ports, and a ± 9 cm H^O maximum pressure, reluctance- 
type, diaphragm differential pressure transducer 
(Validyne DP-45). Mean velocity measurements were 
taken in both heated and isothermal flows. Small vari- 
ations in properties were included in the data reduc- 
tion; the mean of the wall and free-stream temperature 
was used for property evaluation. Reynolds normal 
stresses were obtained in the isothermal flow with a 
horizontal hot-wire (TSI Model 1218, Tl-5) maintained 
at a constant temperature. Reynolds shear stresses 
were taken in isothermal flows using a boundary layer 
X-wire (TSI Model 1243, T 1.5) with constant-tempera- 
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ture operation. The anemometer bridges were TSI Models 
1050 and IFA-100. The pressure transducer and anemo- 
meter signals were digitized with an H-P Model 3437A, 
3-1/2 digit voltmeter. Because only one digitizer was 
available, the shear stress measurements were taken 
one-wire-at-a-time. This is essentially the rotating 
slant-wire technique (24). Thermocouple EMF values 
were recorded with a Fluke Model 2205A multi-channel 
scanner. The total power supplied to the heater was 
computed as the product of a power factor, the measured 
voltage across the heater, and the current through the 
heater computed from the measured voltage across a pre- 
cision resistor. The power factor, measured prior to 
the test, was within 0.1% of 1.0. Data was reduced in 
a HP Series 200 Model 16 laboratory computer. 

Corrections were made within the data reduction 
program for heat transfer through the fiberglass insula- 
tion, radiation exchange with the test wall, and stream- 
wise conduction within the heated wall. A complete un- 
certainty analysis of the wall heat transfer data was 
also made within the data reduction program. This ana- 
lysis employed the Kline and McClintock (25) methodolo- 
gy for computing the propagation of uncertainties and 
the Moffat (26) methodology for incorporating known 
contributors to bias error. Nominal values of wall 
heat flux uncertainty are presented along with other 
relevant uncertainties in Table 1. Details of the 
heater design, data reduction techniques, and wall heat 
flux uncertainty analysis can be found in Refs. (27, 28). 

EXPERIMENTAL RESULTS AND DISCUSSION 

The results of the following three cases are pre- 
sented herein: 

A. The Laminar Baseline Case (Turbulence Inten- 
sity, TI “ 0.3%) - The laminar boundary layer extends 
over the entire test length. Transition correlations 
and the unsteadiness of the data indicate that transi- 
tion is about to begin at the channel exit. 

B. The Lower Free-Stream Turbulence Intensity 
Case (TI “ 0.68%) - The velocity is increased from that 
of Case A and the onset of transition is moved to about 
one-third of the test length. 

C. The Higher Free-Stream Turbulence Intensity 
Case (TI = 2.0%) - A coarse grid is inserted upstream 
of the nozzle and the free-stream velocity is reduced 
to move the onset of transition into the first one- 
third of the test length. 



FIG. 4 LONG-PERIOD UNSTEADINESS OF STANTON NUMBER 
DATA FOR CASE A 
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TABLE 1 MEASUREMENT UNCERTAINTIES 

A. The Laminar Baseline Case - Case A 

The test facility was first qualified by conduct- 
ing an all-laminar boundary layer test. A comparison 
of the results to laminar boundary layer theory (29) , 
Fig. 3, shows that the Stanton numbers and skin fric- 
tion coefficient values for this case follow the laminar 
correlation well, except at the very end of the test 
where it appears that transition is near. Stanton num- 
bers for this and the subsequent cases were calculated 
directly from the measured (and corrected) wall heat 
flux and the measured local free-stream velocity, free- 
stream temperature, and wall temperature. The wall 
temperature was taken as an average of five readings 
over a period of fifteen minutes. Skin friction coef- 
ficients were computed from the wall shear stress; 
which, in turn, is calculated from the local near-wall 
velocity gradient, T = y(du/dy) ; and the local free- 
stream velocity. One unanticipated result In this 
experiment was the long-period unsteadiness shown in 
Fig. 4. Three sets of data were taken in one fifteen- 
hour run. The first was taken after a ten-hour stabi- 
lization period as was also required for case B and 
case C. As shown, the data fluctuated ± 10% about the 
laminar line. The mean data of the 5-hour data-taking 
period follow the laminar correlation well. The curve 
labeled "15-hour" is the data shown on Fig. 3. The 
theoretical stability limit for laminar boundary layer 
flow for a flat plate is Reg = 200 (30) which, for this 
case, corresponds to 10 cm of development length and 
an x-Reynolds number of 0.97 x 10^. Note that the 
Stanton number data remains repeatable for the first 
30 cm (Reg = 400) within the 5-hour data-taking period. 
The unsteadiness of this flow is presumed to be due to 
the sensitivity of this boundary layer to small dis- 
turbances to the flow in the face of a low free-stream 
turbulence intensity of 0.3%. Possibilities would in- 
clude the small variations in free-stream and wall 
temperatures (within the stated uncertainties) or small 
uncontrolled variations in tunnel vibration. Subse- 
quent runs taken under these conditions over a period of 
one month showed that this long-period unsteadiness is 
repeatable. Long-period unsteadiness was not observ- 
able in cases B and C of this study, which have turbu- 
lence intensities of 0.68% and 2.0% respectively. 

Spanwise variations of Stanton number for five 
streamwise positions are shown on Fig. 5. At the first 
two positions, the heat transfer coefficient is very 
spanwise-uniform; the stable laminar boundary layer is 
two-dimensional. Transition appears to begin as 
streaks off center-span. It symmetrically migrates to- 
ward the center-span. Transition is believed to be 
triggered in the three-dimensional corner flow region 
near the end-wall. It then is believed to propagate by 
acoustic disturbance toward the center as discussed in 
Ref. (31). No spanwise data is shown for the region 
beyond the inserted end-walls (see Fig. 2). 
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FIG. 5 SPANWISE DISTRIBUTIONS OF LOCAL STANTON 


NUMBER FOR CASE A (BASELINE CASE) 



At the end of the test section, the momentum 
thickness Reynolds number is approximately 800. Ac- 
cording to the transition model of van Driest and 
Blumer (4) , transition should begin about Reg ■ 890 
for a case having a free-stream turbulence intensity 
of 0.3%; the flow is very near transition. 

Mean velocity and mean temperature profiles plot- 
ted in inner coordinates, U + v.s. Y + and T + v.s. Y , 
are shown on Figs. 6 and 7, respectively. They appear 
to be typical laminar boundary layer profiles. Blasius 
velocity profiles are shown for comparison on Fig. 6. 
Mean velocity and temperature data were taken for this 
run and subsequent runs as time-averages over 30-40 
second periods. 

A thermal energy balance applied over the entire 
test length using the time-average Stanton numbers on 
the centerline assuming two-dimensional flow achieved 
closure to within 3%. This closure, the nearness of 
the Stanton number data to the laminar correlation, 
and the lack of premature transition in this case 
suggest that the facility is free of significant, un- 
controlled disturbances and that the measurements are 
free of significant bias error. A momentum balance 
was also attempted; the lack of closure was 30%. 



FIG. 7 MEAN TEMPERATURE PROFILES FOR CASE A 


4000 


2000 


® ZYSINA - M0L0ZHEN et al | 
□ SINCLAIR-WELLS 
V BOLTZ et ol 
A DRYDEN 
0 SCHUBAUER et al 
O HALL a HISL0P 
0 VAN DER HEGGE ZIJNEN| 
a REYNOLDS et al 
• BLAIR 

A PRESENT DATA 


McDonald - fish 
PREDICTION 


0 1.0 2.0 3.0 

FREE-STREAM TURBULENCE (%) 


FIG. 8 EFFECT OF FREE-STREAM TURBULENCE ON TRANSITION 
REYNOLDS NUMBER FOR ZERO PRESSURE GRADIENT FLOW 
(FROM REF. 22) 


This poor closure is believed to be due to the sparcity 
and inaccuracy of the skin friction coefficients deduced 
from velocity profiles, the inability to measure time- 
average skin friction coefficients (as was done with the 
Stanton number data for the energy balance) , and the in- 
ability to measure momentum thicknesses with low uncer- 
tainty. Note that because of the sparce skin friction 
data, a momentum balance from only the first profile 
station to the last could be taken. This required tak- 
ing precise measurements of the momentum thickness in 
the very thin laminar boundary layer at the first sta- 
tion. Such a problem did not exist with the thermal 
energy balance which was taken from the leading edge to 
the last station. 
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FIG. 9 SPANWISE DISTRIBUTION OF LOCAL STANTON 
NUMBER FOR CASE B 



B. The Lower Free-Stream Turbulence Intensity Case - 
Case B 

In the second case, the free-stream velocity was 
increased to nominally 35 m/s which moved the location 
of the beginning of transition to about one-third of 
the test length. The resulting free-stream turbulence 
intensity became 0.68%. Stanton number and skin fric- 
tion coefficient data for this case are shown on Fig. 3. 
Transition, taken to be the beginning of the dramatic 
increase in heat transfer coefficient and shear stress, 
is shown to be at an x-Reynolds number of about 
1.2 x 10°. At this location the displacement thickness 
Reynolds number is 1890. Transition at this location is 
consistent with the van Driest and Blumer ( A) model or 
the McDonald and Fish (32) model (shown on Fig. 8). The 
skin friction coefficient and Stanton number data follow 
the laminar correlation well. No significant change in 
the laminar data due to the increase in free-stream 
turbulence from that of case A is observable. Stanton 
number values have been previously shown to exceed 
C^/2 values in a mature turbulent boundary layer 


(33, 34). Spalding (33) showed that the value of the 
"Reynolds Analogy Factor", 2 St/C f , for air is 1.2. 

The Reynolds analogy factor for the early-turbulent re- 
gion of case B is about 0.75, however. This indicates 
a slower response of the heat transfer data in transi- 
tion than that of the hydrodynamic data, as was observed 
by Blair (22). It will subsequently be shown that the 
turbulent Prandtl number in the low-Reynolds-number tur- 
bulent flow for case B is considerably larger than 
0.9, the value measured for mature turbulent boundary 
layers. Skin friction values for the laminar flow were 
calculated as discussed previously in case A. Two C./2 
values, Re x = 1.4 x 10 6 and 1.6 x 10 6 (Fig. 3), were f 
calculated assuming a laminar boundary layer though the 
profiles clearly indicate a beginning of transition (as 
will be discussed). The values shown, therefore, repre- 
sent lower-bound values. C,/2 values for turbulent 
flows were deduced from the law-of-the wall using the 
Clauser technique (35). No direct measurements of wall 
shear stress were made. 

Spanwise distributions of local Stanton number are 
shown on Fig. 9. At the first station, the boundary 
layer momentum thickness Reynolds number, 300, exceeded 
the stability limit of Reg = 200, and is clearly showing 
signs of transition. These are observable as streaks of 
high local heat transfer coefficient off the center-span. 
Downstream, these regions of early transition grow to 
effect transition on the centerline. A notable differ- 
ence from the profiles shown for case A is the lack of 
symmetry. Transition at the center-span location is 
underway by the second profile and is complete by the 
fourth (Figs. 3 and 9). At the last station, effective 
turbulent cross-stream transport has restored two-dimen- 
sionality. 

The local heat transfer data for this run were re- 
peatable to within 1% over a six-hour test period, be- 
ginning after the standard ten-hour equilibrium period. 

In a similar case they were repeatable to within 3% over 
a period of one month. 

Mean velocity profiles are shown in Fig. 10. The 
two upstream profiles (Stations 1 & 2B) follow the 
U" 1 " = Y+ correlation to Y"*" * 20, indicating laminar-like 
behavior even though there are signs of the beginning of 
transition at these locations as discussed above. The 
two downstream profiles (Stations 4B & 5B) follow the 
law-of-the wall relationship over a sufficient range of 
Y -1 " that using the Clauser technique was deemed appro- 
priate. The third profile (Station 3B) , though reduced 
with a skin friction coefficient calculated from the 
near-wall velocity gradient, as done with the laminar 
profiles, is clearly not laminar-like. This profile 
also does not display the turbulent log-linear behavior 
with an appropriate choice of C^/2 — it is clearly tran- 
sitional. One method for finding the transition region 
C^/2 is to force closure of the two-dimensional momentum 
integral equation through the transition region (22) . 

This method was tried and found to give values which 
appear unreasonably high for this case. This is believed 
to be attributable to the influence of the lack of two- 
dimensionality in the transition region for this low 
free-stream turbulence case. 

Mean temperature profiles are shown on Fig. 11. 

The first profile (Station 2A) , taken in the laminar- 
like flow, follows the near-wall correlation, 

1+ “ PrY+, well. The two downstream profiles (Stations 
4A and 5A) , taken in the turbulent flow, display ther- 
mal-log-law behavior. In fitting the log regions, the 
turbulent Prandtl number. Ft,.* and the conduction layer 
thickness, Y + . , were considered free parameters. Best- 
fits were found with Yd". - 20 and Pr =1.20 and 1.15 
for Re = 2.1 x 10^ anS 2.9 x 10^, respectively. These 
values of Pr^ are consistent with the trend in 2 St/C^ 
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FIG. 12 REYNOLDS STREAMWISE-NORMAL STRESS PROFILES 
FOR CASE B 


observed in Fig. 3 and the conclusion, also made by 
Blair (22) , that Reynolds analogy is violated in the 
low-Reynolds number turbulent boundary layer. Figure 11 
also shows that the conduction layer thickness is larger 
in the low-Reynolds-number turbulent flow than that ob- 
served in higher Reynolds number flows (29) . . 

Profiles of Reynolds normal stresses, /U , 
are shown in Fig. 12. The two upstream profiles ” 
(Stations IB & 2B) have some turbulence-like character- 
istics although the mean velocity and temperature pro- 
files and the Stanton numbers at this streamwise posi- 
tion appear laminar-like. The anemometer output signals 
were viewed on a storage oscilloscope. At the peak 
value, i.e. y/6* • 1.3 for the first station, the wave- 
form was turbulent-like indicating a distribution of 
energy over a large range of frequencies. No intermit- 
tent non-turbulent behavior was observable. At the 
innermost y-position of station 1 data (Re - 2.63 x 10 s , 
y/6* “ 0.3), some intermittency was observed where a 
quiet signal was present about 5% of the time. These 
findings are consistent with the results of Dyban (13) 
et. al. They termed such a boundary layer "pseudo- 


laminar". It is believed that this turbulence is pro- 
duced by non-linear amplification of the free-stream 
disturbances. This process gives rise to streamwise 
vortices which concentrate in a thin layer termed that 
"shear layer" by Klebanoff et. al. (8). This "shear 
layer" is characterized by high-frequency disturbances 
and turbulence intensities similar to the peaks of 
streamwise turbulence intensity shown in Fig. 12. The 
near-wall decay of turbulence intensity is presumed to 
be due to stabilizing viscous forces. The effect of 
these turbulent-like fluctuations on the transition 
process is presently unknown. Schubauer and Skramstad 
(7) observed weak oscillations preceding transition in 
a flow where disturbances were very small, Klebanoff, 
Tidstrom, and Sargent (8) observed that, in a laminar 
boundary layer disturbed by a vibrating ribbon, an 
Initially two-dimensional wave develops into a three- 
dimensional pattern which is terminated by a sudden in- 
crease of wave amplitude. Profiles of rms values of 
these waves are similar (including a peak at y/6* = 1.3) 
to those profiles of Fig. 12, which precede transition. 

Transition is observable in the normal stress pro- 
files as a very large increase in peak turbulence inten- 
sity concentrated near the wall where it is believed 
that turbulent bursts are agitating the flow (Station 3B 
profile of Fig. 12). The residue of the laminar profile 
peaks remain in the downstream profiles but soon becomes 
overshadowed by the intense near-wall peak (Stations 
4B & 5B) . The outer half of the transitional boundary 
layer profile (Station 3B) has a low turbulence inten- 
sity compared to f ully-turbulent profiles (i. e.. 
Stations 4B & 5B) . Though the two downstream stations 
(4B and 5B) are in a low-Reynolds-number turbulent 
flow, they appear to have reached an equilibrium shape. 
This is evidence that the turbulence characteristics 
are established almost immediately after transition. 

The last two profiles appear similar to one measured in 
a mature turbulent boundary layer by Klebanoff (36). 

Note that the Station 3B profile is different than 
either the laminar or turbulent profile and therefore 
cannot be reproduced from the two by way of an inter- 
mittency factor, as is often done in transitional flow 
modeling. 

Reynolds shear stress profiles for the two down- 
stream stations are shown on Fig. 13 (37). The probe was 
too large to take similar profiles in the laminar and 
transitional boundary layers. This data and the 
Klebanoff (36) data, also shown, support the earlier 
conclusion that the turbulence characteristics rapidly 
assume those of a fully-turbulent flow. The reduced 
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FIG. 14 SPANWISE DISTRIBUTIONS OF LOCAL STANTON 
NUMBER FOR CASE C 



FIG. 15 MEAN VELOCITY PROFILES FOR CASE C 

shear-stress values near the wall in the Re - 
2.35 x 10® profile are probably due to averaging by 
the probe over the length of the wire. This was not 
observable in the last station profile where the bound- 
ary layer was considerably thicker. 

C. The Higher Free-Streaa Turbulence Intensity Case 
Case C 

To set up the third case, a square grid construct- 
ed of 5 cm wide metal strips on a 10 cm pitch, was in- 
serted between the screen pack and the nozzle. The 
free-stream velocity was then reduced to approximately 
13 m/s to place the onset of transition onto the first 
one-third of the test length. This gave free-stream 
turbulence intensities which decay from 2.1% to 1.9% 
over the test length; 2.0% was recorded in the transi- 
tion region. Larger values of free-stream turbulence 


intensity, though more representative of the gas turbine 
environment, decay rapidly and are difficult to charac- 
terize and reproduce. This case is considered repre- 
sentative of cases with higher free-stream disturbance 
(TI < br.) 1- . 

The Stanton number and skin friction coefficient 
data. Fig. 3, show that the onset of transition has been 
moved to approximately Re x = 2.1 x 10® (Re = 788). 

This is consistent with earlier data shown on Fig. 8 for 
2% free-stream turbulence intensity. There also is some 
indication of a higher heat transfer coefficient in the 
late laminar flow due to the higher free-stream turbu- 
lence intensity although the data for Re < lCr seems 
to be Insensitive to turbulence intensity. The two skin 
friction coefficient values at Re ~ 3 x 10 5 were found 

by forcing closure of the integral momentum equation 
over the transition region as previously done by Blair 
(22). In contrast to case B this technique was found to 
give values that appear reasonable on Fig. 3. It is be- 
lieved that this model was successful in case C and not 
in case B because case C was shown to be more two-dimen- 
sional. The data indicate that the x-Reynolds number at 
the end of transition is about twice that of the onset 
of transition for both cases B and C. This is consist- 
ent with the transition length model presented by 
Abu-Ghannam and Shaw (12). The turbulent data 
(Re > 4 x 10®) indicate a lower value of 2 St/C^ than 
1.2* the accepted value for fully-mature turbulent flow 
(33, 34), but a higher value than observed in case B. 
Also, it will be shown that turbulent Prandtl numbers 
are reduced somewhat from those of case B. A thermal 
energy balance yielded closure to within 5% over the 
full test length for this case and a momentum balance, 
closed to within 4% from the first profile (Re ~ 10 ) 
to the last (Re s 1.3 x 10®). It should be noted, 
however, that tfie two C f /2 values within the transition 
region (Re - 3.5 x 10 5 ) were chosen to force momentum 
balance closure over the transition region, 

2.1 x 105 < Re < 5 x 10®. 
x 



FIG. 16 MEAN TEMPERATURE PROFILES FOR CASE C 


+ The upper limit of 5% was imposed based upon the find- 
ings of Dyban et. al. (13) that the characteristics 
of "pseudo-laminar" flows for TI > 5% are different 
than those for TI < 5% . 
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FIG. 17 REYNOLDS STREAMWISE-NORMAL STRESS PROFILES 
FOR CASE C 



FIG. 18 REYNOLDS SHEAR STRESS PROFILES FOR CASE C 

Spanwise distributions of Stanton number are shown 
in Fig. 14. The first distribution is in late-laminar 
flow. Transitional streaks are beginning to form off 
center-span as was observed in case B. The second dis- 
tribution is in late-transitional flow. It appears that 
transition near the center-span is spanwise-unif orm and 
that the flow remains two-dimensional throughout, for 
this high turbulence case. 

Mean velocity profiles. Fig. 15, show behavior 
similar to that of case B. The upstream station 
(Station 1) is laminar-like, the next (Station 2B) is in 
transition and the three dwnstream stations (3A, 4A and 
5A) are clearly turbulent — each with a longer log- 
linear region and a decreased wake strength than the 
last, a comparison of the Station 1 profile with the 
Blaslus profile (Fig. 15) shows a lack of agreement at 
the edge of the boundary layer. This may be due to the 
nearness of the flow to transiton (Fig. 3) or due to 
the higher free-stream turbulence level of Case C. 

Mean temperature profiles of case C, Fig. 16, show 


behavior similar to that of the case C velocity pro- 
files. Note that the upstream profile (Station 2 a) is 
in transition. The turbulent profiles (Stations 3A, 

4A and 5A) show log-linear behavior. As in case 7„ the 
log regions were fit by assuming the turbulent Prandtl 
number, Pr , and the conduction layer thickness, Y+, , 
to be f ree t parameters . Best fits were achieved Cx 
with Y + = 14.5, 16 and 16, and Pr t * 1.36, 1.24 and 
1.19 for Stations 3A, 4A and 5A, respectively. Note 
that the conduction layers for the last two profiles 
are thinner than those of case B, but thicker than 
those of a mature turbulent boundary layer (Y + p * 13.2 
(29)). Note also that the turbulent Prandtl number are 
higher than 0.9, the fully turbulent value, and less 
than those observed just after transition in case B. 

Reynolds normal stress profiles, plotted in Fig. 17, 
continue to show a peak at y/^* “1.3 in the laminar 
flow (Station 1) as was observed in case B. The peaks 
and values throughout the profile are larger than the 
case B counterparts, however. The residue of the peak 
in the laminar profiles remains in the downstream pro- 
files but soon becomes overshadowed by the near-wall 
peak. The three downstream profiles (3B, 4B and 5B) 
are nearly the same, supporting the earlier conclusion 
that the turbulence quantities are rapidly established. 
Due to the higher free-stream turbulence, the values 
throughout the profile are higher than the case B values 
and those of Klebanoff (36), however. 

Reynolds shear stress profiles are shown on Fig. 18. 
Though the scatter is large, the figure shows that the 
downstream profiles (Stations 4B and 5B) are essentially 
the same. Fig. 18 also shows that the near-wall shear 
stress is approximately the same, in these coordinates, 
as that in the Klebanoff profile (36). The shear stress 
near the edge of the boundary layer is considerably 
larger than Klebanoff' s values, however — the free- 
stream turbulence for the Klebanoff data was very low 
(TI < 0.1X). Figure 19 compares the shear stress pro- 
files from the last station for cases B and C. Al- 
though the near-wall values are essentially the same 
in these coordinates, the case C values near the edge 
of the boundary layer are considerably higher. 

CONCLUSIONS AND RECOMMENDATIONS 

1. An unstable laminar flow is described as a separate 
flow from that of laminar or transitional flow. In 
this flow, turbulence intensities significantly 
higher than the free-stream turbulence intensity 
are observable in the boundary layer. Heat trans- 
fer rates appear to be somewhat sensitive to free- 



FIG. 19 COMPARISON OF REYNOLDS SHEAR STRESS PROFILES 
AT STATION 5B (FIG. 2) FOR CASES B AND C 
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stream turbulence in this flow — a contrast to the^ 
lack of sensitivity to free-stream turbulence inten- 
sity in the early laminar flow. More investigation 
into the role of this boundary layer turbulence in- 
tensity on the process of transition is needed. 

2. Increased free-stream turbulence intensity decreas- 
es the transition onset Reynolds number and the 
length of transition. The locations of the onset 
and end of transition in the present cases were 
consistent with results of earlier experiments. 

Onset of transition is taken to be the location 
where Stanton number data begin to rise sharply 
with increasing streamwise distance; the end of 
transition is the peak of the Stanton number curve. 

3. Turbulent Prandtl number values in the early turbu- 
lent flow, just downstream of transition, are signi- 
ficantly higher than the 0.9 value known to apply to 
fully-mature turbulent flows. These values decrease, 
somewhat, with higher free-stream disturbance levels. 
Temperature profiles in the early turbulent flow 
indicate a thicker conduction layer than observed 

in fully-turbulent flows. This thicknesss decreases 
with increased free-stream disturbance levels. 

4. Values of the Reynolds analogy factor, 2 St/C^, 

in the early turbulent flow are significantly smal- 
ler than 1.2, the fully-turbulent value. 

5. Profiles of turbulent streamwise-normal and shear 
stresses develop rapidly to fully-turbulent shapes 
immediately after transition. 

6. Transition is characterized by a very' large spike 
in streamwise turbulence intensity near the wall. 
This spike is considerably larger than the maximum 
value observed in turbulent normal stress profiles. 

7. The effect of higher free-stream turbulence inten- 
sity is seen to penetrate to very near the wall in 
profiles of streamwise-normal stresses. The effect 
of higher free-stream disturbance on the shear 
stress profiles in the fully turbulent flow is seen 
predominately in the outer portion of the boundary 
layer. 

8. Long-period unsteadiness was observed in a low free- 
stream-disturbance (TI » 0.3%) laminar flow down- 
stream of the theoretical instability limit. Simi- 
lar unsteadiness was not observed just before transi- 
tion in higher-disturbance flows (TI 0.68% and 
27 .). 
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A REVIEW AND ANALYSIS OF BOUNDARY LAYER TRANSITION DATA FOR 

TURBINE APPLICATION^ 


Raymond E. Gaugler* 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


A number of data sets from the open literature that include heat transfer 
data in apparently transitional boundary layers, with particular application 
to the turbine environment, were reviewed and analyzed to extract transition 
information. The data were analyzed by using a version of the STANS two- 
dimensional boundary layer code. The transition starting and ending points 
were determined by adjusting parameters in STAN5 until the calculations matched 
the data. The results are presented as a table of the deduced transition 
location and length as functions of the test parameters. The data sets 
reviewed cover a wide range of flow conditions, from low-speed, flat-plate 
tests to full-scale turbine airfoils operating at simulated turbine engine 
conditions. The results indicate that free-stream turbulence and pressure 
gradient have strong, and opposite, effects on the location of the start of 
transition and on the length of the transition zone. 

INTRODUCTION 

Designing efficient cooling configurations for the airfoils in a gas tur- 
bine engine requires a detailed knowledge of the variations of the heat trans- 
fer coefficient on the hot-gas side. However, in many cases, there is a region 
on the blade surface where the heat transfer coefficient experiences a dramatic 
rise in magnitude. This is the region where the boundary layer transition from 
laminar to turbulent flow occurs. The location of the start of this transition 
and the length of the transition zone depend strongly on a number of flow 
parameters, such as the Reynolds number, the free-stream turbulence level, and 
the pressure gradient. 

Computing the heat transfer coefficient in the transition region requires 
that a mathematical model be used to smoothly turn on the turbulent calcula- 
tions. At present no model is available that adequately accounts for the 
effects of these parameters in the turbine environment. One of the reasons 
for this is a lack of good experimental data on boundary layer transition under 
the severe conditions encountered in a gas turbine engine. However, a number 
of heat transfer data sets do exist that include transitional boundary layers. 
In this study these data sets were analyzed by using the STAN5 two-dimensional 
boundary layer computer code in order to extract transition information. The 
code was run against the data with different transition parameters assumed 
until a match between data and calculations was found. The transition data 
were then tabulated in a form useful to the researcher attempting to model the 
transition process in the turbine environment. 


+Also published as NASA Technical Memorandum 86880. 
^Member, ASME. 
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METHOD OF ANALYSIS 


An Iterative method was used to derive transition data from the selected 
heat transfer data sets. The general procedure was to assume a transition 
starting point and a transition length, to do a numerical boundary layer 
analysis to compute heat transfer parameters, and finally to compare the com- 
puted results with the data. If the agreement was poor, new transition points 
were assumed, and the process was repeated until reasonable agreement was found 
between computed and measured results. The final values of transition starting 
point and transition zone length are reported herein, In terms of location as 
well as of momentum thickness Reynolds number. 

The boundary layer analysis used was the widely accepted STAN5 two- 
dimensional boundary layer code, developed at Stanford University by Crawford 
and Kays (ref. 1) and based on the scheme of Patankar and Spalding (ref. 2). 

The version of STAN5 used has been modified at the NASA Lewis Research Center 
as described In reference 3. In this version the user has the option of 
supplying the program with a specific location where transition Is to start and 
with a specific length of the transition region. Within the transition zone 
the turbulent eddy viscosity Is gradually turned on by using an Intermlttency 
factor variation taken from the work of Abu-Ghannam and Shaw (ref. 4). The 
Intermlttency factor varies smoothly from zero at the transition starting point 
to 1 at the end of the specified transition length. No attempt was made to 
account for local effects such as pressure gradient or free-stream turbulence 
In computing Intermlttency. The Prandtl mixing length model was used to com- 
pute the turbulent eddy dlffuslvlty. 

SELECTION OF DATA SETS 

A number of heat transfer data sets were reviewed for their applicability 
to this report. From these, six data sets were selected for analysis. The 
prime criterion used In the selection process was that the data show evidence 
of boundary layer transition. When this was met, the completeness of the 
documentation of the experimental conditions became the prime criterion. As a 
minimum, to do the boundary layer analysis, the aerodynamic and thermal bound- 
ary conditions must be known, Including the specification of free-stream 
turbulence parameters. 

Each of the selected data sets Is described here and summarized In 
table I. 

(1) The first data set was extracted from a report by Blair and Werle 
(ref. 5). Their tests concerned Incompressible flow over a heated, smooth flat 
plate for different levels of free-stream turbulence. They were primarily 
looking for the effects of free-stream turbulence level on heat transfer to the 
fully turbulent boundary layer, but they did allow the boundary layer to 
undergo a natural transition from laminar to turbulent. Two of their test runs 
were selected for this analysis, and the conditions are summarized In table I 
as cases 1(a) and (b). The only difference between the two Is the free-stream 
turbulence level. The Inlet Reynolds number Is based on the test section 
length, 2.44 m (8.0 ft) . 

(2) The second data set used was taken from another report by Blair and 
Werle (ref. 6) and one by Blair (ref. 7). The tests were similar to the first 
set but with the addition of a constant flow acceleration. Three of these 
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test runs, encompassing two pressure gradients and two turbulence levels, were 
selected for analysis. The pertinent test parameters are summarized In table I 
as cases 2(a), (b), and (c). Again, the Inlet Reynolds number Is based on the 
test section length, 2.44 m (8.0 ft). 

(3) The third data set was taken from the work of Han et al. (ref. 8). 

They measured the heat transfer from three different large-scale turbine air- 
foils over a range of Reynolds number and free-stream turbulence level. The 
airfoils had a true chord of 53.3 cm (21 In) and a height of 61 cm (24 In). 

One of these data sets, for an airfoil suction (convex) surface, was selected 
for analysis In this study, and the test parameters are summarized In table I 
as case 3. For this case, and those remaining, the Inlet Reynolds number Is 
based on airfoil true chord. The data set from reference 8 Is for Incompress- 
ible flow, as the test used ambient air flowing over an electrically heated 
airfoil . 

(4) The fourth data set considered was extracted from the report by 
Conslgny and Richards (ref. 9). They used the Isentroplc light-piston tunnel 
at the Von Karman Institute to closely simulate actual turbine engine condi- 
tions and measured the heat transfer rates to the model airfoil. The airfoil 
had a true chord of 8.0 cm (3.15 In) and a height of 10 cm (3.94 In). Infor- 
mation from two of their runs was used for this report, and the conditions are 
tabulated In table I as cases 4(a) and (b). The runs selected differed only In 
the Initial free-stream turbulence level. Again, only the suction surface data 
were considered herein. For these cases the air was hotter than the surface. 

(5) The fifth data set was taken from the report of Schultz et al . 

(ref. 10), and from additional Information reported by Daniels and Browne 
(ref. 11). They used the free-plston tunnel at Oxford University and tech- 
niques similar to those In case 4 to measure heat transfer rates to a turbine 
airfoil. The airfoil had a true chord of 5.0 cm (1.96 In) and a height of 
7.5 cm (2.96 In). The two cases described In references 10 and 11 were both 
used herein, and the conditions are tabulated In table I as cases 5(a) and (b). 
As In the previous cases only suction surface data were considered for this 
analysis. The only difference between cases 5(a) and (b) was the Inlet 
Reynolds number. 

(6) The final data set considered for this report was taken from the suc- 
tion surface data reported by Lander (ref. 12) and Lander et al . (ref. 13). 
These data were generated In a transient test by using hot combustion gases to 
heat a cascade of turbine airfoils that was quickly shuttled Into the hot 
stream. The airfoils had a true chord of 6.0 cm (2.36 In) and a height of 

5.8 cm (2.3 In). The reported tests were characterized by extremely high free- 
stream turbulence levels. The conditions of the case used herein are tabulated 
In table I as case 6. 

RESULTS AND DISCUSSION 

The results of this analysis are presented In figures 1 to 6, and Impor- 
tant parameters are tabulated In table II. The figures show either Stanton 
number or heat transfer coefficient as functions of the surface distance from 
the stagnation point. The two parameters most frequently found In the litera- 
ture to govern the boundary layer transition are free-stream pressure gradient 
and turbulence level: the favorable pressure gradient associated with stream- 

wise acceleration has a stabilizing effect, and free-stream turbulence triggers 
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Instabilities. These two parameters are tabulated In table II for the cases 
studied herein and are Included on the figures. The turbulence level Is 
defined as the ratio of the root mean square of the streamwlse fluctuating 
velocity u to the free-stream velocity U. The pressure gradient Is charac- 
terized by the acceleration parameter K, defined as the product of the kine- 
matic viscosity u and the streamwlse velocity gradient dU/dx divided by the 
square of the free-stream velocity. 


v dU 


Included In table II are the derived values of momentum thickness Reynolds 
number at the start and at the end of transition. The momentum thickness 
Reynolds number at the start of transition Is the parameter calculated In most 
attempts to model the start of transition. 

In all cases the figures Include curves for two additional STAN5 calcula- 
tions: one where the boundary layer was assumed to remain laminar, and one 
where It was assumed to be fully turbulent from the start. These two cases 
form the limits between which the transitional calculations fall. In general 
the laminar calculations matched the laminar data quite well, and the fully 
turbulent calculations acceptably matched the turbulent data. For the turbu- 
lent case the Prandtl mixing length model was used to compute the turbulent 
eddy dlffuslvlty. 


Case 1 

The data for case 1 (fig. 1; table II) differed only In the Inlet free- 
stream turbulence level. As expected, higher free-stream turbulence resulted 
In an earlier transition as well as a shorter transition length. The best fit 
occurred when transition was assumed to start close to the point of minimum 
measured heat transfer. This was not true for the cases that Include pressure 
gradient effects. 


Case 2 

The data for case 2 (fig. 2; table II) had the added complication of an 
accelerating free-stream flow. For reference the free-stream velocity distri- 
bution Is Included on figure 2 and all subsequent figures. An Interesting 
feature of the calculations Is that, In order to match the data, the transition 
starting point must be located considerably ahead of the minimum heat transfer 
point. The largest effect of acceleration Is seen In comparing figures 2(a) 
and (b), which are for about the same turbulence level. The higher accelera- 
tion of case 2(b) resulted In a considerably longer transition zone than that 
for case 2(a). Comparing figures 2(b) and (c) shows that for a constant free- 
stream acceleration parameter free-stream turbulence had a strong effect on the 
length of the transition zone, with the more turbulent case 2(c) having a short 
transition region. 


Case 3 

Case 3 (fig. 3; table II) represents flow over an actual airfoil, so flow 
accelerations are not constant and surface curvature effects are present. How- 
ever, the free-stream turbulence level Is relatively low. The transition had 
to be forced In the calculations to start In a region where the flow 
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acceleration was high, well ahead of the minimum heat transfer point, In order 
to match the behavior of the data. 


Case 4 

Case 4 (fig. 4; table II) was for a turbine vane suction surface. Essen- 
tially the only difference between the two cases was the free-stream turbulence 
level. The distribution of the flow acceleration parameter K over the air- 
foil surface was the same for both. In both cases It was necessary In the 
calculations to force transition to begin very close to the leading-edge stag- 
nation point, but the length of the transition zone was markedly different In 
each case. For lower turbulence (fig. 4(a)) the calculated boundary layer 
never reached a fully turbulent state. The agreement between the STAN5 laminar 
and turbulent calculations and the data was slgnlf Icantly worse for the higher 
turbulence case. 


Case 5 

The data for case 5 (fig. 5; table II) differed only In the Reynolds num- 
ber. Since the velocity distributions were the same, this resulted In a dif- 
ferent level of acceleration parameter. For an Inlet Reynolds number of 1.26 
million (case 5(b)), three times the value for case 5(a), major differences are 
apparent In the heat transfer data for the transitional boundary layer. The 
most obvious reason for this Is the effect of K which, for a constant veloc- 
ity, varies Inversely with Reynolds number. Thus the transition zone was 
longer for the low-Reynolds-number case since the stabilizing parameter, K, was 
higher. 


Case 6 

The distinguishing feature of case 6 (fig. 6; table II) Is the high Inlet 
turbulence level. However, the effect of the free-stream turbulence was offset 
by a strongly accelerating flow for about the first 15 percent of the vane 
surface. Once the flow acceleration diminished, the transition progressed 
rapidly. 


CONCLUDING REMARKS 

A number of heat transfer data sets were analyzed to determine the loca- 
tion of the start of the boundary layer transition from laminar to turbulent 
flow and the length of the transition zone. The analysis used was the STAN5 
two-dimensional boundary layer program. The transition starting point and the 
length of the transition zone were adjusted In the program Input until the 
calculated heat transfer distribution satisfactorily matched the measured dis- 
tribution. From this analysis the momentum thickness Reynolds numbers at the 
start and end of transition were determined, and the results were tabulated as 
a function of experimental conditions. The location of the start of the 
boundary layer transition exhibited a strong dependence on both free-stream 
pressure gradient and turbulence level, A favorable pressure gradient tended 
to delay the onset of turbulent flow, but the effect of free-stream turbulence 
was to hasten the transition. The length of the transition zone appeared to 
depend strongly on free-stream parameters within the zone rather than just on 
the conditions at the start of transition, as Is frequently assumed. 


85 



REFERENCES 


1. Crawford, M.E., and Kays, W.M., "STAN5 - A Program for Numerical Computa- 
tion of Two-Dimensional Internal and External Boundary Layer Flows," NASA 
CR-2742, 1976. 

2. Patankar, S.V., and Spalding, D.B., Heat and Mass Transfer In Boundary 
Layers . 2nd ed., International Textbook Company, Ltd., London, 1970. 

3. Gaugler, R.E., "Some Modifications to, and Operational Experience with, the 
Two-Dimensional, Finite-Difference, Boundary Layer Code, STAN5," ASME 
Paper 81-GT-89, Mar. 1981. 

4. Abu-Ghannam, B.J., and Shaw, R., "Natural Transition of Boundary Layers - 
The Effects of Turbulence, Pressure Gradient, and Flow History," Journal 
of Mechanical Engineering Science . Vol. 22, No. 5, Oct. 1980, pp. 213-228. 

5. Blair, M.F., and Werle, M.J., "The Influence of Free Stream Turbulence on 
the Zero Pressure Gradient Fully Turbulent Boundary Layer," 

UTRC/R80-91 4388-1 2 , Sept. 1980. (AD-A101094. ) 

6. Blair, M.F., and Werle, M.J., "Combined Influence of Free-Stream Turbulence 

and Favorable Pressure Gradients on Boundary Layer Transition and Heat 
Transfer," UTRC/R81-914388-17, Mar. 1981. (AD-A101089. ) 

7. Blair, M.F., "Influence of Free-Stream Turbulence on Boundary Layer Tran- 
sition In Favorable Pressure Gradients," Journal of Engineering for Power . 
Vol. 104, No. 4, Oct. 1982, pp. 743-750. 

8. Han, L.S., Chalt, A., Boyee, W.F., and Rapp, J.R., "Heat Transfer on Three 

Turbine Airfoils," AFWAL TR-82-2124, 1983. (AD-A128762. ) 

9. Conslgny, H., and Richards, B.E., "Short Duration Measurements of Heat- 
Transfer Rate to a Gas Turbine Rotor Blade," Journal of Engineering for 
Power . Vol. 104, No. 2, July 1982, pp. 542-551. 

10. Schultz, D.L., Jones, T.V., Oldfield, M.L.G., and Daniels, L.C., "A New 
Transient Cascade Facility for the Measurement of Heat Transfer Rates," 

High Temperature Problems In Gas Turbine Engines . AGARD CP-229, 1977, 
pp. 31-1 to 31-27. 

11. Daniels, L.D., and Browne, W.B., "Calculation of Heat Transfer Rates to 
Gas Turbine Blades," International Journal of Heat and Mass Transfer . 

Vol. 24, No. 5, May 1981, pp. 871-879. 

12. Lander, R.D., "Evaluation of the Effect of Free Stream Turbulence on the 
Heat Transfer to Turbine Airfoils," AFAPL-TR-69-70, Sept. 1969. 

(AD-857303.) 

13. Lander, R.D., Fish, R.W., and Suo, M., "External Heat-Transfer Distribu- 
tion on Film Cooled Turbine Vanes," Journal of Aircraft . Vol. 9, No. 10, 
Oct. 1972, pp. 707-714. 


86 



TABLE I. - EXPERIMENTAL CONDITIONS FOR SELECTED DATA SETS 


Case and 
figure 

Reference 

Test conditions 

Inlet 

Exit 

Mach 

number 

Ratio of 
wal 1 to gas 
temperature 

Reynolds 

number 

Streamwise 

turbulence 

intensity 

Pressure, 

atm 

1(a) 

Blair and Werle (5) 

Heated flat plate. 

1 . 

02 

47.3xl0 5 

0.012 

1 . 

0 

0.09 

1(b) 

Blair and Werle (5) 

no acceleration. 



47.3 

.025 



.09 



low speed 








2(a) 

Blair and Werle (6) and 

Heated flat plate, 



24.1 

.021 



.07 

2(b) 

81air (7) 

constant acceleration. 



15.1 

.023 



.12 

2(c) 


low speed 



15.1 

.053 



.12 

3 

Han et al . (8) 

Heated large-scale 

1.09 

2.33 

.008 



.04 



airfoil, low speed 








4(a) 

Consigny and Richards (9) 

Short test. 


76 

7.23 

.030 

2. 

33 

.92 

4(b) 


high speed 

.76 


.052 

2. 

33 

.92 

5(a) 

Shultz et al . (10) and 

Short test. 


68 

4.2 

.040 

1 . 

88 

.94 

5(b) 

Daniels and Brown (11) 

high speed 

.68 

12.6 

.040 

5. 

75 

.94 

6 

Lander (12) 

Transient test. 


53 

3.75 

.187 

2. 

7 

.85 



combustion heated 









TABLE II. - DERIVED LOCAL TRANSITION PARAMETERS 


Case and 
figure 

.'Start of transition 

End 

of transition 

Assumed 

transition 

starting 

point 

J 

Acceleration 

parameter, 

K 

Streamwise 

turbulence 

intensity 

Momentum 

thickness 

Reynolds 

number 

Assumed 
length of 
transition 
zone 

Momentum 

thickness 

Reynolds 

number 

m 

ft 

m 

ft 

1(a) 

0.213 

0.70 

0 

0.012 

400 

0.262 

0.86 

985 

1(b) 

.076 

.25 

0 

.025 

260 

.183 

.60 

730 

2(a) 

.061 

.20 

. 20x10 s 

.021 

165 

.564 

1.85 

895 

2(b) 

.043 

.14 

.75 

.023 

92 

1.524 

5.00 

975 

2(c) 

.030 

.10 

.75 

.053 

92 

.244 

.80 

330 

3 

.098 

.32 

3.9 

.005 

150 

.363 

1.19 

1355 

4(a) 

.003 

.01 

11.0 

.030 

74 

(a) 

(a) 

(a) 

4(b) 

.003 

.01 

11.0 

.052 

74 

.061 

.20 

1440 

5(a) 

.009 

.03 

2.1 

.030 

192 

.038 

.125 

1325 

5(b) 

.001 

.005 

.88 

.035 

114 

.020 

.065 

1620 

6 

.001 

.005 

120 

.187 

28 

.030 

.10 

688 


transition not complete at end of vane surface. 






0 10 20 30 40 50 


Surface distance, in 

(a) Inlet turbulence level, 0.012. 

(b) Inlet turbulence level, 0.025. 

Figure 1. - Stanton number as a function of surface distance. Flate plate; free-steam velocity, 
30.5 m/sec (100 ft/sec). (Data from ref. 5). 
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0 20 40 60 80 

Surface distance, in 


(a) Inlet turbulence level, 0.021; local acceleration parameter, K, 0.2x10"^. 

(b) Inlet turbulence level, 0.023; local acceleration parameter, K, 0.75xl0~ 6 . 

(c) Inlet turbulence level, 0.053; local acceleration parameter, K, 0.75xl0 -6 . 

Figure 2. - Stanton number as a function of surface distance. Flat plate; constant acceleration. 

(Data from ref . 6) . 
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O Data 

Transitional 

120 All turbulent STAN5 

All laminar 

Free-stream velocity 



Dimensionless distance, X/L 

Figure 3. - Heat transfer coefficient as a function of surface distance. Large-scale turbine 
vane; suction surface; inlet turbulence level, 0.008; local acceleration parameter K at 
transition start, 0.39x10”^. (Data from Han et al . (ref. 8).) 
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0 .1 .2 .3 .4 .5 

Surface distance, ft 


(a) Inlet turbulence level, 0.030. 

(b) Inlet turbulence level, 0.052. 

Figure 4. - Neat transfer coefficient as a function of surface distance. Turbine vane suction 
surface; simulated engine conditions; local acceleration parameter K at transition start, 
0.11xl0~4. (Data from ref. 9.) 
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Surface distance, m 




(a) Local acceleration parameter K at transition start, 0.21xl0“ s ; Reynolds number, Re, 
4.2x10 5 . 

(b) Local acceleration parameter K at transition start, 0.88xl0~ s ; Reynolds number, Re, 
12.6xl0 5 . 

Figure 5. - Heat transfer coefficient as a function of surface distance. Turbine vane suction 
surface; simulated engine conditions; inlet turbulence level, 0.040. (Data from ref. 10.) 
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Figure 6. - Heat transfer coefficient as a function of surface distance. Turbine vane suction 
surface; simulated engine conditions; inlet turbulence level, 0.187; local acceleration parameter 
K at transition start, 0.12x10"^. (Data from ref. 12 for very high turbulence.) 
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TURBULENT SOLUTIONS OF EQUATIONS OF FLUID MOTION * 


Robert 6. Deissler 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


Some turbulent solutions of the unaveraged Navier-Stokes equations (equa- 
tions of fluid motion) are reviewed. Those equations are solved numerically 
in order to study the nonlinear physics of incompressible turbulent flow. 
Initial three-dimensional cosine velocity fluctuations and periodic boundary 
conditions are used in most of the work considered. The three components of 
the mean-square velocity fluctuations are initially equal for the conditions 
chosen. The resulting solutions show characteristics of turbulence, such as 
the linear and nonlinear excitation of small-scale fluctuations. For the 
stronger fluctuations the initially nonrandom flow develops into an apparently 
random turbulence. Thus randomness or turbulence can arise as a consequence 
of the structure of the Navier-Stokes equations. The cases considered include 
turbulence that is statistically homogeneous or inhomogeneous and isotropic or 
anisotropic. A mean shear is present in some cases. A statistically steady- 
state turbulence is obtained by using a spatially periodic body force. Various 
turbulence processes, including the transfer of energy between eddy sizes and 
between directional components and the production, dissipation, and spatial 
diffusion of turbulence, are considered. It is concluded that the physical 
processes occurring in turbulence can be profitably studied numerically. 


I. INTRODUCTION 

Nearly all of the flows occurring in nature, as well as those that are 
manmade, are turbulent. For instance, the boundary between a column of rising 
smoke and the surrounding atmosphere is generally irregular and contains a 
range of scales of motion, indicating the presence of turbulence. The atmos- 
phere itself is usually turbulent, as shown by the irregular appearance of many 
of the clouds present in it. Jets, wakes, astrophysical flows, and flows over 
surfaces are commonly turbulent, as is the region downstream of a grid in a 
wind tunnel or downstream of a waterfall. In general, turbulent flows are the 
rule and laminar flows the exception. 

Because of the importance and challenge of the turbulence problem a great 
deal of research has been done over the past century. Basic ideas have been 
set forth, for instance, in papers by Reynolds (1883, 1895), Taylor (1921, 
1935), von Karman (1937a, 1937b), and Heisenberg (1948). That work, together 
with more recent research, is discussed in books by Batchelor (1953), Hinze 
(1975), Frost and Moulden (1977), and others. 

In spite of considerable research activity there is no general deductive 
theory of high-Reynolds-number (strong) turbulence. (Reynolds number is 
defined as the product of a velocity and a length divided by the kinematic 
viscosity of the fluid. It is a measure of the ratio of inertial to viscous 
effects.) Most of the analytical theories depend on a closure assumption for 

"Also published in Reviews of Modern Physics, vol . 56, no. 1, part I, 

April 1984. 
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a hierarchy of averaged equations. 1 This Immediately calls Into question the 
appropriateness of referring to the analytical theories as deductive, except 
at low Reynolds numbers or In the final stage of decay, where nonlinear effects 
are small (Batchelor, 1953; Delssler, 1977). 

One way In which a closure assumption can be avoided Is by closure by 
specification of sufficient random Initial conditions (Delssler, 1979). That 
method can successfully predict turbulence decay, and In the sense that the 
evolution of all Initially specified quantities can be calculated, gives a 
complete solution. To use It, however, the Initial conditions must be fully 
turbulent, and a large amount of Initial data Is required to satisfactorily 
specify the Initial turbulence. The method does not seem capable of extension 
to some cases of turbulence maintained by mean gradients, where the effect of 
Initial conditions may eventually become negligible (e.g., In fully developed 
turbulent pipe flow) . 

In view of the foregoing comments It seems desirable to consider numerical 
solutions of the unaveraged Navler-Stokes equations that display features of 
turbulence. Numerical methods and computers can be considered as tools for the 
solution of equations, just as can Fourier transforms and series expansions. 

It might be pointed out that It Is more appropriate to refer to a numerical 
solution of the unaveraged equations as deductive than It Is to so refer to 
most of the analytical theories, which are based on averaged equations and 
require closure assumptions. Moreover, most of the analytical theories are so 
complicated that a large amount of numerical work Is required to obtain results 
from them. Attempts to obtain analytical solutions of the unaveraged equations 
have not been successful, mostly because of the nonlinearity of those equa- 
tions. Herring (1973) mentions that the simplest turbulence theory Is just the 
Navler-Stokes equations. Since most turbulence calculations are numerical 
anyway, no Insight Is lost by considering direct Integration of the Navler- 
Stokes equations forward In time, starting from some suitable Initial data. 

Numerical solution (or numerical simulation) has sometimes been called 
experiment. It seems, at least to this writer, that there Is an Important 
difference between numerical solution and experiment as generally practiced. 

The former uses directly, and attempts to solve, a given set of constitutive 
equations, In this case the Navler-Stokes equations. The latter ordinarily 
does not, although both methods may arrive at the same result If the constitu- 
tive equations are congruous with the portion of nature to which they are 
applied. In general, It appears that experiment works directly, with nature, 
whereas numerical solution works with a set of constitutive equations that 
should represent at least a portion of nature. 

Several numerical solutions of the unaveraged equations have appeared that 
use a spectrum of random Initial fluctuations (e.g., Orszag and Patterson, 

1972; Clark et al . , 1979; Rogallo, 1981; and Felerelsen et al . , 1982). These 
studies, which appear to demonstrate the feasibility of carrying out turbulent 
solutions with present-day computing equipment, represent major advances. 


Hhe hierarchy of correlation (averaged) equations obtained from the 
unaveraged Navler-Stokes equations Is unclosed because of the nonlinearity of 
the latter. That Is, there are more unknowns than equations, so that a 
closure assumption Is required to obtain a solution. 
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Because of the difficulty of specifying realistic turbulent Initial con- 
ditions (experimentally or analytically), It may be more appropriate to Ini- 
tially specify a simple regular fluctuation with a single length scale (as 
actually occurs downstream of a grid In a wind tunnel). This should be better 
for studying the development of small-scale fluctuations (and of turbulence In 
general) than would a spectrum of Initial fluctuations, since for the latter, 
small-scale fluctuations are already present In the Initial flow. Moreover, 
much higher Reynolds number flows can be calculated with a given numerical grid 
when a single length scale Is Initially present, at least for early and moder- 
ate times. Taylor and Green (1937) and others (e.g., Delssler, 1970a; 

Van Dyke, 1975; Corrsln and Kollman, 1977; and Delssler and Rosenbaum, 1973) 
have used a perturbation series to calculate the nonlinear development of 
higher harmonics from lower ones, but the calculations could not be carried 
very far In time. In these analyses the directional components of the Initial 
fluctuation Intensity were not equal. Orszag and Fateman (Orszag, 1977a) have 
recently used Taylor and Green's Initial conditions and obtained a numerical 
solution for higher Reynolds numbers and longer times. The Invlscld (Infinite 
Reynolds number) case was Investigated In some detail by Betchov and Szewczyk 
(1978) . 

The present review considers the nonlinear physics of turbulence numeri- 
cally. Although the Initial conditions used herein are nonrandom, the flow at 
higher Reynolds numbers breaks up into an apparently random turbulence. Unlike 
the problem of Taylor and Green all three of the directional components of the 
mean-square velocity fluctuations are equal at the Initial time. In the 
absence of mean shear they are also equal at later times. Taylor and Green's 
directional components, on the other hand, do not approach equality, even at 
long times (Orszag, 1977a). 

To study the processes In turbulence, first some background on the basic 
fluid flow and turbulence equations Is given In section II and on numerical 
methods and solutions In section III. Four cases of turbulence are then con- 
sidered, starting In section IV with the simplest one, In which mean gradients 
are absent (Delssler, 1981a). In this case no energy sources are present and 
the turbulence decays freely. (By contrast the presence of mean gradients 
would Imply energy sources In the flow.) Here (In section IV) one can study 
viscous dissipation and the nonlinear transfer of energy between wave numbers 
or eddy sizes, as well as the randomization of the flow. Next, In section V a 
uniform mean shear Is applied to study turbulence production and maintenance, 
and the linear and nonlinear transfer of energy between wave numbers and 
between directional components (Delssler, 1981c). The transfer of energy 
between wave numbers (both linear and nonlinear) Is manifested by the creation 
of small-scale structure In the turbulence. Then, In section VI, the spatial 
diffusion of the Inhomogeneous turbulence In a developing shear layer Is con- 
sidered (Delssler, 1982). Finally, by using a spatially periodic body force a 
turbulence that Is statistically steady state at long times Is studied In sec- 
tion VII. The first three of these cases have also been studied, but with a 
spectrum of random Initial fluctuations and In some cases with an assumption 
for the small eddies. In Orszag and Patterson (1972), Clark et al. (1979), 
Rogallo (1981), Shannan et al. (1975), and Cain et al. (1981). Here we will 
confine ourselves to the development of turbulence from nonrandom Initial 
conditions with a single length scale. 

One of the problems In the numerical study of turbulence Is that of accu- 
racy, because of the small scale of some of the turbulent eddies. As the 
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Reynolds number (strength) of the turbulence or the time Increases, smaller 
eddies are generated. No matter how small the numerical mesh size, one can 
always pick a Reynolds number or time large enough that the results will be 
quantitatively Inaccurate. One way of Improving the accuracy Is by extrapola- 
tion to zero mesh size, as will be done here. The effectiveness of that pro- 
cedure depends to some extent on the accuracy of the unextrapolated solution. 

If the solution has to be extrapolated too far, the results may not be accu- 
rate. Another popular method (not used here) Is to model eddies smaller than 
the grid spacing (subgrid modeling) (e.g., Smagorlnsky, et al., 1963; 

Deardorff, 1970; Clark et al., 1979; and Ferzlger, 1977). This method requires 
an empirical Input, although not as great a one as that for full modeling of 
the averaged equations. One might think of subgrid modeling as a useful crutch 
that can be phased out as numerical resolution Improves. However, when It Is 
used. It Is sometimes difficult to tell which effects come from the equations 
of motion and which result from the subgrid modeling. Slggla (1981) has 
recently considered the converse problem; he made a numerical study of the 
small-scale eddies In which he modeled the larger ones. 

Here we are mainly concerned with physical processes and trends, rather 
than with highly accurate numerical results (possibly unattainable at very high 
Reynolds numbers). Of course some degree of accuracy Is necessary; otherwise 
we will not even be able to calculate trends. As the numerical mesh size 
decreases, quantitative differences In the results might be obtained. It Is 
to be hoped, however, that the results will not be qualitatively different. 
Results to date Indicate that to be the case. 2 

Other relevant review articles are given by Orszag (1977b), Schumann, et 
al. (1980), Eckman (1981), and Ott (1981). 


II. BASIC EQUATIONS AND CONCEPTS 
A. The Unaveraged Equations 

Turbulent flows of a great many liquids and gases obey the Navler-Stokes 
equations. Those equations assume that the fluid Is Newtonian (stress propor- 
tional to strain rate) and that It can be considered a continuum. The latter 


2 The attainment of accurate quantitative results appears to be a ques- 
tion of Improvement of computers and of numerical methods. If state-of-the-art 
numerical methods and computers are used, good quantitative as well as quali- 
tative results can already be obtained, at least for low and moderate Reynolds 
numbers. Orszag and Patera (1981) (as well as Moln and Kim (1982) using sub- 
grid modeling) made significant numerical calculations of the velocity profile 
In the wall region of fully developed turbulent channel flow. The results 
agreed reasonably well with experiment, showing a wall transition region and a 
fully turbulent region In which the velocity varies as the logarithm of dis- 
tance from the wall. The advent of high-speed computers and efficient numeri- 
cal algorithms may be making possible for the first time the use of the 
Navler-Stokes equations In the solution of a wide range of realistic 
(turbulent) fluid-flow problems. 
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Is usually a good assumption because In most cases Intermolecular lengths are 
much smaller than the smallest significant turbulent eddies. 

1 . Equations In terms of Instantaneous quantities 

The Navler-Stokes and continuity equations for constant fluid properties 
(Including Incompressibility) 3 * 4 can be written as (e.g., Batchelor, 1967; 
or Delssler, 1976) 



at 


8( Vk> i£ jA 

ax^ p ax^ ^ax^ax 


and 


( 1 ) 



ax 
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( 2 ) 


The subscripts can take on the values 1, 2, and 3, and a repeated subscript In 
a term Indicates a summation, with the subscript successively taking on the 

values 1, 2, and 3. The quantity ui Is an Instantaneous velocity compo- 
nent, x-| Is a space coordinate, t Is the time, p Is the density, v the 
kinematic viscosity, and p Is the Instantaneous pressure. Equations (1) and 
(2) are, respectively, statements of the conservation of momentum and of mass. 
In order to obtain an explicit equation for the pressure, we take the diver- 
gence of equation (1) and apply the continuity equation (2) to get 


2 ~ 

1 a P 
p ax,»x l 


*Vk> 

8x i 8x k 


(3) 


In the remainder of the paper It will usually be convenient to use 
equations (1) and (3) rather than (1) and (2). Equations (1) (1 = 1, 2, 3) 
and (3) constitute a set of four equations In the four unknowns u^ and p. 
Since they are for Instantaneous velocities and pressures, they should apply 
to turbulent as well as to laminar flows, subject to the restrictions mentioned 
at the beginning of this section. The Navler-Stokes equations have been known 
for more than a century, but their use In turbulent flows, other than In a 
schematic sense, has been restricted by a lack of ability to obtain solutions. 
Now, with advances In computers and numerical methods the situation appears 
somewhat brighter. 


3 The continuity equation is sometimes Included In the Navler-Stokes 
equations . 

4 Most turbulence studies have been carried out for constant properties, 
for simplicity. That flow Is realistic If the turbulence velocities are rea- 
sonably low compared with the velocity of sound, and If temperature gradients 
are not large. 
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The fundamental turbulence problem Is an Initial-value problem. That is, 
given initial values for the u^ as functions of position, a value for v, 
and suitable boundary conditions, equations (1) and (3) should be sufficient 
for calculating the u^ and p/p as functions of time and position. The 
initial and boundary conditions used herein are specified in section III. 

To Interpret the terms in equation (1), it is convenient to multiply it 
through by p and by the stationary volume element dx-j dx 2 dX 3 . Then the 
term on the left side of the equation is the time rate of change of momentum in 
the element /ou-j dx-| dx 2 dx 3 - This rate of change is contributed to by the 
terms on the right side of the equation. The first term on the right side, a 
nonlinear inertia term, Is the net rate of flow of momentum into the element 
through its faces. The next term, also nonlinear, is a pressure-force term 
and gives the net force acting on the element by virtue of the pressure gradi- 
ent in the x^ direction. It is nonlinear because of the nonlinear source 
term on the right side of the Poisson equation for the pressure (eq. (3)). 
Finally, the last term in equation (1), a linear viscous-force term, gives the 
net force acting on the element in the x^ direction by virtue of the 
viscosity. 

2. Equations in terms of mean and fluctuating components 

Following Reynolds (1895) one can break the Instantaneous velocities and 
pressure in equations (1) to (3) into mean and fluctuating (or turbulent) 
components; that is, set 


U 1 » U 1 


+ u. 


(4) 


and 


p = p + p 


(5) 


where 


u 1 = p = 0 (6) 

U 1 = ^ (7) 

and 

P - P (8) 

The overbars designate averaged values. ^ Equation (2) becomes, on using 
equations (4), (6), and (7), 




(9) 
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which shows that both the fluctuating and mean velocity components obey con- 
tinuity. Equations (1) and (3) become, on using equations (4) to (9), taking 
averages, and subtracting the averaged equations from the unaveraged ones, 
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ax 
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Equations (10) and (11) will be used to study the processes in turbulence, but 
not for computational purposes (except In linearized cases). The first four 
terms of equation (10) and the first two of equation (11) look like the terms 
In equations (1) and (3), although their meanings are exactly the same only 
If = P = 0 (eqs. (4) and (5)). The first three terms on the right side of 
equation (10), which contribute to au^/at, can still be Interpreted as an 
Inertia-force (or turbulence self-interaction) term, a pressure-force term, and 
a viscous-force term. The remaining terms are, respectively, a turbulence 
production term, a mean-flow convection term, and a mean-turbulent-stress term, 
which appears when the turbulence Is statistically Inhomogeneous (when mean 


turbulence quantities such as u^u^ are functions of position). (The reasons 

calling the production and convection terms as such will perhaps become clearer 
when the equivalent terms In the averaged equations (eqs. (14) and (15)) are 
discussed.) It will be seen that when the mean velocity gradient Is not zero, 
the term -U^ au^/ax^ generates a small-scale structure In the turbulence by 
vortex stretching. The nonlinear self-interaction term -a(u^U| < )/ax| c also 
produces a small-scale structure and In addition produces randomization of the 
flow. These effects will be considered In sections IV to VI. The Poisson 
equation for the pressure fluctuation (eq. (11)) has three source terms: a 

nonlinear term, a mean-gradient term, and a mean-turbulent-stress term, which 
appears when the turbulence Is Inhomogeneous. 


We have defined an Inhomogeneous turbulence as one In which averaged 
turbulence quantities are functions of position. Thus, a homogeneous turbu- 
lence Is one In which averaged turbulence quantities are not functions of 
position. For Instance, In homogenous turbulence 


5 For the most general flows the average Is usually an ensemble average 
over a large number of macroscoplcally Identical flows ( 1 . e . , mean quantities, 
but not fluctuating quantities, are the same In all the flows). In most cases, 
however, statistical uniformity or statlonarity with respect to one or more 
coordinates, or with respect to time, obtains. Then, the average Is taken with 
respect to the one or more coordinates or with respect to time. According to 
the ergodlc theorem those averages are the same as the ensemble average If the 
flow Is turbulent. In section V (uniform mean shear) three-dimensional spatial 
averages are used, even when the periodic boundary conditions Introduce some 
local Inhomogeneity Into the fluctuations. Those averages still have meaning 
since their values are Independent of the position of the boundaries of the 
cycle over which the averages are taken. 
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Vj 54 Vj ( x a ) 
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and 


p au^/axj * p au^/axj (x^) 

Similar statements apply to other averaged turbulence quantities in a 
homogenous turbulence. 

B. Averaged Equations 

Although the averaged equations will not be solved numerically because 
they do not form a closed set, they are useful for studying the processes In 
turbulence. 


1 . Equations for mean flow 


First consider the equations obtained by averaging 
equations (1) and (3) and using equations (4) to (9 ). 5 


each term of 
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These equations look like equations (1) and (3) with Instantaneous values 
replaced by average values, but with the Important difference that an extra 

term Involving the quantity now appears In each of the equations. 

These terms arise from the nonlinear velocity terms in equations (1) and (3) 
and are a manifestation of the closure problem of turbulencel. If those 
terms were absent, equations (12) and (13) could be solved, and turbulent flows 
would be no more difficult to calculate than laminar ones. Note that terms In 
equations (12) and (13) that contain lower-case letters (other than x's) are 
turbulent terms. 


The form of equation (12) suggests that the quantity -pu u augments the 
viscous stress p«3Ui/3X|<. Since It involves the fluctuatlngor turbulent 
velocity components u^ and u|<, we Interpret It as a turbulent or 

Reynolds stress. For Instance -pu u will. In the presence of a mean-velocity 
gradient 3U-|/3X2, act like a shear stress on an X 1 -X 3 plane. In the 
presence of 3 Ui/ 3 X 2 , U] will more likely be negative than positive when U 2 
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Is positive, so that will have a nonzero negative value. The quantity 

-pu,u_ can be compared with a viscous shear stress obtained In the kinetic 
theory of gases, where u-j and U 2 are now molecular, rather than macros Dpi c 

2 

velocity components. Similarly pu, will act like a normal stress on an 
X 2 -X 3 plane (similar to a normal stress or pressure obtained In klnet.c 
theory, where u-j Is again taken to be a molecular velocity component). 


2. One-point correlation equations 
a. Construction of equations 


We can construct equations for the undetermined quantities u^u^ In 

equations (12) and (13) from the evolution equation for u^ (eq. (10)) and 
a similar equation for the component uj: 
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Multiply equation (10) by uj and the preceding equation for Uj by 
u^ , add the two equations, and average. ^ This gives, using continuity 
(eq. (9)), 
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Setting 1 = j and using continuity, we get, for the rate of change of the 
kinetic energy per unit mass, 
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As In equations (12) and (13), quantities In equations (14) and (15) that 
contain lower-case letters (other than x's) are turbulent quantities. 
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The one-point correlation equation (eq. (14)) gives an expression for the 


rate of change of u^u^ that might be used In conjunction with equations (12) 
and (13). But the situation with respect to closure Is now worse than It was 
before. Whereas without equation (14) we only had to determine u^u^ , with It 
we have to determine quantities like u^u^u^, pu^, p 3u^/ax^, and 
(au^/ax^MaUj/ax^) . We might use equation (11) to obtain the pressure corre- 
lations, but that would only Introduce more unknowns. However, equations (14) 
and (15) are useful for studying the processes In turbulence in that most of 
the terms have clear physical meanings. Moreover, we will be able to calcu- 
late terms In those equations from our numerical solutions. 

b. Physical Interpretation of terms 


As In the case of equation (1) It Is helpful, for purposes of Interpre- 
tation, to multiply the terms In equations (14) and (15) through by p and 
by a volume element dx dx ? dx . Then the term on the left side of 


equation (14) or (15) gives the time rate of change of 


pu iY 


or of the 


kinetic energy pu,u,/2, within the element. This rate of change Is contrib- 
uted to by the termson the right side of the equations. The first of those 
terms Is equal to the net work done on the element by turbulent stresses act- 
ing In conjunction with mean-velocity gradients. It Is therefore called a tur- 


bulence production term; It equals the rate of production of pu^ or of 

pu,u,/2 within the volume element by work done on the element. A somewhat 
abbreviated Interpretation suggested by the form of the term, which Is often 


given, Is that It represents work done on the turbulent stress pu.u, by the 
mean-velocity gradient. 1 


The next term In each of the equations describes the convection or net 
flow of turbulence or turbulent energy Into a volume element by the mean veloc- 
ity Ufc. It moves the turbulence bodily, rather than doing work on It by 
deforming It, as In the case of the production term. It vanishes when either 
U|< Is zero (no mean flow) or when the turbulence Is homogenous 

(u.u. ji u.u, (x.)). In the latter case there Is no accumulation of turbulence 
1 j 1 j k 

within a volume element, even with a mean flow. 


The next three terms In equation (14) and In equation (15) also vanish 
for homogeneous turbulence. Since they do not contain the mean velocity, they 
do not convect or move the turbulence bodily. Therefore we Interpret them as 
diffusion terms, which diffuse net turbulence from one part of the turbulent 
field to another by virtue of Its Inhomogeneity. The pressure-veloclty- 
gradlent terms In equation (14) drop out of the contracted equation (15) 
because of continuity (eq. (9)). Therefore, they contribute nothing to the 


rate of change of the total energy u^u^/2, but they can distribute the energy 

2 

energy among the three directional components u^/2 ( no sum on 1)- The last 

term In equations (14) and (15) Is the viscous dissipation term, which dis- 
sipates turbulence by the presence of fluctuating velocity gradients. 
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3. Two-point correlation and spectral equations 


To consider the transfer of turbulence between eddy sizes or wave numbers 
(spectral transfer), we must obtain two-point correlation equations. Terms 
related to that process do not appear In the single-point equations ((14) and 
(15)). To obtain two-point equations, we use In addition to equations (10) 
and (11), written at the point P, the following equations written at the 
point P : 
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Multiplying equation (10) by u' and equation (16) by u^, adding, taking 

averages, 5 and using equation (16) and the fact that quantities at one point 
are Independent of the position of the other point result In 
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To simplify the equations, the turbulence will be considered homogeneous 
(correlations Independent of x^). (See Hlnze (1975) or Delssler (1961) 

for Inhomogeneous equations.) Then the two-point correlations (e.g., u.u' ) 
will , be functions only of r, = x! - x,, so that a/ax, = -a/ar, and ^ 
a/ax^ = a/ar^ . In addition, homogeneity requires that au^/ax^ be a con- 
stant, so that au,/ax, = au,/ax, and u k - u k = r, au,/ax,. (If au,/ax, 
were a function or x^, we Joula not remove arl x'j dependency from 1 J 
eq. (18).) Equation (18) becomes 
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The equations for the pressure-velocity correlations obtained from 
equations (11) and (17) are, for homogeneous turbulence. 
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a. Interpretation of terms 

The terms on the right side of the Poisson equations (eqs. (20) and (21)) 
are source terms associated with the mean velocity and with triple correlations 
arising from the nonlinear velocity terms In equations (11) and (17). The 
right side of the two-point equation (eq. (19)) contains, as In the case of the 
single-point equation (eq. (14)), turbulence production, directional distribu- 
tion (pressure-velocity), and viscous terms. There are no diffusion terms In 
equation (19) since the turbulence Is homogeneous. The last two terms In that 
equation are new terms that do not have counterparts In the single-point equa- 
tions. To Interpret them, we convert equation (19) to spectral form by taking 
Its Fourier transform. Thus, define the following three-dimensional Fourier 
transforms: 
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where <p^, n^, T^, and T^ are, respectively, Fourier transforms of the 

quantities on the left sides of thq defining equations (eqs. (22) to (25)), 
k Is a wave-number vector, and dK = d*, d* 2 dic 3 . Physical Interpretations 
of the Fourier transforms defined by equations (22) to (25) follow. 

Equation (19) becomes, on taking Its Fourier transform, 


3U, 
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If we let r = 0 In equation (22), we have 
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( 21 ) 


u 1 u j = J m V 1J dK 


so that we can Interpret <p., as a spectral component of u u,. As In 
equation (19), terms on theVlght side of equation (26) can be J Interpreted as 
production, directional distribution, and viscous dissipation terms. They 

contribute to the rate of change of a spectral component <p^ of u^. 

To Interpret the term T^ In equation (26), we let r = 0 In 
equation (24). This gives 



(28) 


Thus, T' gives zero total contribution to the rate of change of u^. But 
It can distribute, or transfer between wave numbers or eddy sizes, spectral 
contributions to u^u^ . So T^, which Is proportional to aU^/ax^, Is 

Interpreted as a mean-gradient spectral transfer term (Delssler, 1961). The 
term -r^au^uj/ar^ aU^/ax^ In equation (19) Is therefore the Fourier trans- 
form of a mean-gradient spectral transfer term. 

To Interpret the last term In equation (26), we use equation (25), where 
we note that a/ar = a/ax' = -a/ax , that quantities at one point are Inde- 
pendent of the position of k the other point, and that continuity (eq. (9)) 
holds. Equation (25) becomes 
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If we let r = 0, equation (29) becomes 
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(30) 


since we have assumed homogeneity of the turbulence. Thus, as In the case of 

It can, how- 


T 1 T 

i r u 


contributes nothing to the rate of change of u^. 


ever, transfer spectral components of u.u. from one part of wave-number 
space to another. So we Interpret T,, n as a spectral transfer term asso- 
ciated with turbulence self-lnteractlin (as opposed to Interaction between 
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turbulence and mean gradients). The term -(a/ar^Hu^u^ - u^u^) In 

equation (19) Is therefore the Fourier transform of a self-interaction spectral 
transfer term. Although the turbulence has been assumed to be homogeneous for 
Interpreting and as transfer terms, It has been shown that similar 

Interpretations apply when J the turbulence Is Inhomogeneous (Delssler, 1981b). & 

The transfer of turbulence from one part of wave-number space to another, 
or from one eddy size to another, produces a wide range of scales of motion In 
most turbulent flows as Illustrated by the numerical solutions In sections IV 
and V (e.g., figs. 2(c), 8, and 24). The state of affairs Is neatly summarized 
In a nonmathematlcal way by a poem written long before equations (26), (28), 
or (30) was known (Richardson, 1922): 


Big whirls have little whirls, 

Which feed on their velocity; 

And little whirls have lesser whirls, 
And so on to viscosity. 


4. Vortlclty and dissipation 

For homogeneous turbulence one can obtain a relation between the viscous 
dissipation term In equation (15) or (19) (1 =^j ) and the vortlclty or swlrl^ln 
the turbulence. The dimensionless vortlclty o> Is defined as the curl of u: 

w(x) = Vxu(x) (31 ) 


or 
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where Is the alternating tensor. Then 
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But, because 



(34) 


6 The fact that terms related to T., or Ti, do not appear In the one- 
point eq. (14) for Inhomogeneous turbulence Indicates that T^ and T^ do 

not contribute to auTuT/at. Thus, even for Inhomogeneous turbulence they can 
only transfer turbulence from one part of wave-number space to another. 


108 



(35) 


for homogeneous turbulence. 
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Thus, for homogeneous turbulence the mean-square vortlclty Is just the rate of 
viscous dissipation e of turbulent energy divided by the kinematic viscosity 
(eq. (15)). So the more Intense the swirl In the turbulence, the faster It 
dissipates . 


From a closure standpoint we are somewhat better off with the two-point 
equations (eqs. (19) to (21)) than we were with the single-point equation 

(eq. 


(14)), since we no longer have to model terms like 


p aUj/ax^ 


and 


( au^/axjj^ au^/ax^) . However, we still have to evaluate triple-correlation terms 

unless the turbulence Is very weak or unless the Interaction between the turbu- 
lence and the mean flow Is large compared with the turbulence self-interaction. 


5. Remarks 


We shall not discuss here the many schemes that have been proposed for 
closing the averaged equations considered In this section. Instead, we will 
avoid the closure problem by obtaining numerical solutions of the unaveraged 
equations (eqs. (1) and (3)). The Importance of the averaged equations Is 
enhanced by these numerical solutions; by using the solutions of the unaveraged 
equations, terms In the averaged equations that represent various physical 
processes In the turbulence can be calculated. Thus, the averaged equations 
appear to be necessary, or at the least very convenient, for the physical 
Interpretation of the numerical results. 

III. NUMERICAL SOLUTIONS AND METHODS 

A. Initial conditions 

For most of the numerical solutions considered here, the Initial velocity 
fluctuation Is assumed to be given by 

3 

E n -»n 

cos q .x (37) 

n=l 

Then, from equation (4) 


^ e 1jk = 0 when 1, j, and k are not all different. When the sub- 
scripts are all different, e-jjk = +1 when they are In cyclic order and -1 
when they are In acyclic order. 
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(38) 


u 


1 


= a" cos q n .x + 
n=l 


The quantity a" Is an Initial velocity amplitude or Fourier coefficient of 
the velocity fluctuation, q"* n Is an Initial wave-number vector, and Is 
an Initial mean-velocity component. To satisfy the continuity conditions 
(eqs. (2) and (9)), we set 


a"q" = 0 


(39) 


For the present work let 

a] = k(2, ±1, 1), a* = k(l, ±2, 1), a^ = k(l, ±1, 2) 

q] - (-1, ±1, l)/x 0 , q^ = (1, +1, l)/x 0 , q^ = (1, ±1, -l)/x Q 


(40) 


where k has the dimensions of a velocity and determines the Intensity of the 
Initial velocity fluctuation. The quantity xq Is the length scale of the 
Initial velocity fluctuation. The quantities k and xq, together with the 
kinematic viscosity v and equation (40) then determine the Initial Reynolds 

-rl/2 

number Uq Xq/v, since the square of equation (37), averaged over a period, 
~2 

gives Uq. In addition to satisfying the continuity equation (eq. (39)), 
equations (37) and (40) give 



at the Initial time. 8 Thus, equations (37) or (38) and (40) give a particu- 
larly simple Initial condition In that we need specify only one component of 
the mean-square velocity fluctuation. Moreover, for no mean shear they give 
an Isotropic turbulence at later times, as will be seen. Note that It Is nec- 
essary to have at least three terms In the summation In equation (37) or (38) 
to satisfy equation (41). We do not specify an Initial condition for the pres- 
sure because It Is determined by equation (3) and the Initial velocities. 

B. Numerical grid and boundary conditions 

To carry out numerical solutions subject to the Initial condition given by 
equations (37) or (38) and (40), we use a stationary cubical grid with a maxl- 

3 

mum of 32 points and with faces at x^ = x^/Xg = 0 and 2ir. For boundary 
conditions we assume periodicity for the fluctuating quantities. That Is, let 
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bj Is a variable length. 


for b* « 2ir, where b* = bj/Xg, x* = x^/x^, and 
By using equations (4) and (5) these become 

(u.) = (u.) + (U ) - (U ) 

xf=2ir+bt x*=b? xt=2ir+bt x?=bt 

j j j j j j j J 

and 


p x*=2ir+b* = P x*=b* + P x*=2ir+b* P x*=b* 
j j jj j J 

In the present work we assume also that P, given by equation (13), Is 
periodic, so that 


( 44 ) 


(45) 


x?=2ir+b} 
J j 


v*_K* 

X j' D j 


(46) 


and equation (45) becomes 


S*- 2 ’ tb ! ' (4 

These equations are used to calculate numerical derivatives at the boundaries 
of the computational grid. 

C . Numerical solutions 


In carrying out the numerical solutions, we have a choice of solving a 
set of equations containing u,, p, U., and P (eqs. (10) to (13)), or one 
containing u^ and p (eqs. (1) and (3)). The latter set, which Is much 

simpler, Is generally used here. 9 That Is, we solve equations (1) and (3) 
subject to Initial condition (38) and boundary conditions (44) and (47). 

The spatial- and time-differencing schemes (which numerically conserve 
momentum and energy) are essentially those used by Clark et al . (1979). For 
the spatial derivatives In equations (1) and (3) we use centered fourth-order 
difference expressions (e.g., McCormick and Salvadore, 1964). For Instance, 
the fourth-order difference expression used for au^/3x^ Is 


8 The first three terms of eq. (41) apply at all times when there are no 
mean gradients In the flow. 
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n 



12 k 


(u.) - 8(u.) + 8(u. ) - (u.) 

. n-2 1 n-1 1 n+1 1 n+2j 


where Ax|< Is the grid-point spacing, and the subscripts n, n + 1, etc. 
refer to grid points In the X|< direction. Fourth-order difference expres- 
sions are often considered more efficient than the usual second-order ones 
(Orszag and Israeli, 1974). (Spectral methods devised by Orszag and associates 
are still more efficient but may be somewhat trickier to use.) Centered 
expressions (same number of points on both sides of n, see preceding expres- 
sion) can be used both at Interior grid points and at the boundaries of the 
grid; when n refers to a point on a boundary, values for u. outside of the 

grid, which are required for calculating the numerical derivatives at the 

boundary, are obtained from boundary condition (44). 

For time differencing we use a predictor-corrector method with a second- 
order (leapfrog) predictor and a third-order ( Adams-Moulton) corrector 
(Ceschlno and Kuntzman, 1966). If m represents a time step, and ( ) the 

right side of equation (1^), then at each grid point In space the second-Srder 

leapfrog predictor for u^ at time step m + 1 Is 


(M (1) = (u.) + 2 At(R.) 

m+1 m-1 1 m 


and the third-order Adams-Moulton corrector Is 



( 2 ) 

m+1 


<v + 

m 


At 

12 



+ 8(R ) - (R.) 

m m-1 


where At is the time Increment. The quantity (R^)^ In the preceding 

~ m m+1 

corrector Is calculated by using (u.) v ' In the right side of equation (1), 

~ ( 1 ) m+ ^ 

where (u^) v Is calculated from the leapfrog predictor. Note that the leap- 
frog metho<? + l so-called because It leaps over the time step m) , although unsta- 
ble for all At when used by Itself for Navler-Stokes equations, Is stable 
when used as a predictor. 


The Poisson equation for the pressure (eq. (3)) Is solved directly by a 
fast Fourier transform method. This method of solution was found to preserve 
continuity quite well (v.u « 0) except near the ends of some of the runs for 
no mean gradients, where the solutions began to deteriorate. (Another Indica- 
tion of Incipient solution deterioration near the ends of some of the runs for 
no mean gradients was that equation (41) was no longer accurately satisfied. 8 ) 


^Dividing the velocities and pressures Into mean and fluctuating com- 
ponents Is evidently not advantageous from a computational standpoint except, 
possibly, In linearized cases. 
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Two known types of numerical Instabilities can occur in the present solu- 
tions: a viscous Instability connected with the first and last terms In 

equation (1), which occurs If v At/(Ax k )2 is too large; and a convective 
Instability connected with the first and second terms (or the first and third 
terms through eq. (3)), which occurs If u^ At/ Ax k Is too large. In these 
criteria At, Ax k , and ui are, respectively, a time step, distance step, 
and velocity. Thus, a particular solution should be numerically stable If, for 
a given Ax k , the time step Is sufficiently small. Numerical stability Is 
typically obtained when the solution varies smoothly from time step to time 
step, with no significant breaks In the slope from one step to the next. This 
Is the case for all of the results given here. 

For the present solution very good temporal resolution Is obtained auto- 
matically when At Is sufficiently small to give numerical stability. That 
temporal resolution Is much better than the three-dimensional spatial resolu- 
tion, which Is more severely limited by the storage and power of the computer. 
However, as will be seen (fig. 19), sufficient spatial resolution Is obtained 
to give reasonably accurate averaged results for times not excessively large. 
Some of the averaged results are extrapolated to zero spatial mesh size In an 
effort to obtain more accuracy. The fourth-order method of extrapolation 
(consistent with the fourth-order differencing used here) Is given In Delssler 
(1981a, 1981c). 

IV. HOMOGENEOUS FLUCTUATIONS AND TURBULENCE, NO MEAN FLOW 


For this case (U 
and (3) without the ~ 
numerically 


= 3 u.u /3x. = 0), equations (10) and 
' s overinstantaneous quantities. We 


(11) reduce to (1) 
thus solve 


and 


au i _ a (y k ) iM _ + 

3t ~ 3X k p 3X^ V a * k X k 


(48) 


1 a 2 p 
' 8x a 8x a 


8 <Vk> 
8 Vk 


(49) 


subject to Initial conditions (37) and (40) and boundary conditions (42) and 
(43). In equation (40) for the coefficients In the Initial conditions, we 
choose the first set of signs. 

A. Dimensionless form of equations 

For carrying out the numerical solutions and presenting the results In as 
general and compact a form as possible, we nondlmenslonal 1 ze equations (48) 
and (49) as 


a < u K> 32* t 

3t* = “ 3X* 3X* + 3X*3X* 


(48a) 
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and 


where 


a 2 p* 

3 x j 3x t * 


ax* ax k * 


(49a) 



and xq Is the Initial fluctuation length, which first appeared In 
equation (40). Note that all of the quantities have been nondlmenslonallzed 
by xq and the kinematic viscosity i>. 


The Initial and boundary conditions In equations (37), (40), (42), and 
(43) become In dimensionless form 


u* 


3 

£ 

n=1 


-»n* 

cos q .x 


(37a) 


a]* = k*(2,±l ,1 ) , a 2 * = k*(l,±2,l), a^* = k*(l,±l,2) 

q] * = (-1,±1,1), q^* = (l.+l.l), q^* = (1,+1,-D 

(uf) = (uf) 

x*=2ir+b* x*=b* 


and 


P x 5 =2,r+b J " Px r b 5 

where, In addition to the dimensionless quantities defined above, 


(40a) 


(42a) 


(43a) 


A a " 

> a r 


_n* 
q 1 = 


x o q v 


and 


k* = — k. 

V 


Note that k* has the form of a Reynolds number, where xq Is the length and 
k Is the velocity. The Initial Reynolds number appearing In the figures of 

nV 2 (~i\ n 

this paper, (U qI Xq/v, where (ugj Is an Initial root-mean-square velocity 
component, Is obtained by choosing a value for k* In equations (40a) and 
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space averaging 



and 2, where u,/ 
equations ( 48a j 


2 

u^ over a period, by using equation (37a). The value of 

/v so obtained Is also used In the ordinates of figures 1 

,-^ 1/2 

ui 1 , and u* Is calculated from 

"ting with Initial values from eq. (37a)). 


~ 2\ 1/2 

U Q = U 1 ; 
no {49a) (sta 


B. Development of random fluctuations 


Figure 1 shows the calculated evolution of velocity fluctuations (normal- 
ized by the Initial root-mean- square velocity) at two fixed points In space 
for the Initial Reynolds number shown In the figure (no correction for discre- 
tization error). Since there Is no Input of energy, the fluctuating motion 
eventually decays to a state of rest. In spite of the nonrandom Initial con- 
dition (eq. (37) or (37a)), the velocity fluctuations have the appearance of 
those for a random turbulence. It Is Important to point out that the fluctua- 
tions are not due to numerical Instability since a large number of time steps 
(typically about 20) lie between changes of sign of du^/dt. In connection 
with the high Reynolds number In figure 1 It might be pointed out that Betchov 
and Szewczyk (1978) obtained reasonable turbulent-like numerical results even 
for Infinite Reynolds number for times not excessively large (see also 
Schumann et al., 1980). 

1 . Randomness as sensitivity to Initial conditions 

The dashed curves of u,/(u 0 ] are for Initial conditions perturbed 

approximately 0.1 percent. (The coefficients a^ and q^ given by eq. (40) 

are changed by 0.1 percent of their values.) The perturbed curves follow the 
unperturbed ones for a short time and then depart sharply. Thus, a very small 
perturbation of Initial conditions causes a large change In the values of u^ 
(except near t = 0) . On the other hand, the root-mean-square values of the 
velocities (spatially averaged) decrease smoothly and are unaffected by the 
perturbation of the Initial conditions. All of these features are character- 
istic of turbulence. (The observed sensitivity of the Instantaneous flow to 
small changes In Initial conditions may have unfavorable Implications for 
detailed long-term weather predictions (Lorenz, 1963).) 


We note that the spatially averaged values In figure 1 follow 

approximately the decay law u 2 ~ t -n , where n ~ 2.5. This lies between the 
value for n of 3.3 observed for turbulence downstream of a waterfall (Ling 
and Saad, 1977), and the value of 1.2 generally observed for turbulence gener- 
ated by flow through a grid In a wind tunnel (Uberol, 1963). The decay law Is 
evidently very much dependent on the Initial condition for the turbulence. 


2. Effect of numerical mesh size on randomness 

To get an Idea of the effect of mesh size In the numerical grid on the 

/~ 2\ 1/2 

apparent randomness of the velocity fluctuations, values of u^/IUqI 

at the center of the grid are plotted against t* In figure 2 for three mesh 
sizes. All three of the curves have a random appearance. However, as the 
number of mesh points Increases (as the mesh becomes finer), smaller scale 
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fluctuations are resolved and the randomness appears to be greater. This 
trend Indicates that the observed randomness Is not due to the use of too 
coarse a grid. 

C. Further evidence for randomness and Indications of Isotropic turbulence 

For turbulence the correlation between velocities at two times 

u.j ( t)u.| ( t Q ) should go to zero as the separation of the times t and tg 

Increases. Figure 3 shows that this occurs for the present hlgh-Reynolds- 
number calculations. For true turbulence the correlation should probably 
decrease smoothly with time. This Is nearly the case for the larger tg 
(fig. 3(b)). (tg Is the time In the correlation coefficient In fig. 3 that 
remains fixed as the other (variable) time t Increases.) At early times 
there Is probably some nonrandom structure In the turbulence caused by the 
nonrandom Initial conditions (fig. 3(a)). 

As a further Indication that the hlgh-Reynolds-number flow breaks up 

Into turbulence, we calculate the evolution of the cross correlation u^u,,. 

2 2 2 8 

Although u^ = u 2 = u g at all times, the Initial u^u 2 given by equations 

(37) and (40) Is not zero. However, figure 4 shows that because of the 

apparent randomization of the flow u^u 2 goes to zero as time Increases. 

The fluctuations In the curve at early times (as also In the curve of 
fig. 3(a)) are probably caused by nonrandom structure In the flow at early 


2 

Figures 1 to 4, together with the fact that the three components u^ 

are equal, show that at later times we appear to get a reasonable approxima- 
tion to Isotropic turbulence, although the Initial conditions are nonrandom. 

One of the consequences of Isotropy Is that the cross correlations, say u u , 
are zero, as In figure 4 at later times. These calculations differ from 
others where turbulence was obtained by using random Initial conditions. 

Because the Initial conditions for the present calculations are nonrandom, 
the turbulence must arise as a result of the structure of the Navler-Stokes 
equations. In particular the nonlinear terms play a crucial role. It Is easy 
to verify that If nonlinear terms are neglected for the present case, 
equations (48), (49), (37), and (40) give 

* 

u, = (u.) e" 3t (50) 

1 1 0 

So If the equations are linear, the flow given by the nonrandom Initial 
condition (37) remains nonrandom. The nonlinear terms must be present In 
equations (48) and (49) If the development of turbulence Is to take place. 


10 A11 averaged values would be expected to vary smoothly only for 
highly random fluctuations. 
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Our calculations at lower Reynolds numbers give results that are less like 
turbulence. Thus, the fluctuations develop apparent randomness only at the 
higher Reynolds numbers. 

Calculated values of velocity-derivative skewness factor for a high 
Reynolds number (fig. 5) also appear to be of reasonable magnitude when com- 
pared with experimental values for Isotropic turbulence. Values of that quan- 
tity of the order of 0.4 have been obtained experimentally and have long been 
considered an Indication of true moderately strong or strong Isotropic turbu- 
lence. The fall of f near the end of the curve may be due to a more laminar 
flow there, where fluctuation levels are lower. A longer period of agreement 
with experimental values Is obtained by Clark et al. (1979), apparently because 
they used turbulent Initial conditions, so that the turbulence was already 
partially developed at t = 0. 

D. Origin of the randomness (strange behavior) 

A question remains as to how the nonlinear terms In equations (48) and 
(49) produce the randomness observed In figures 1 to 4. Until recently, It was 
generally assumed that randomness In a turbulent flow Is due to randomness In 
the Initial conditions, to random external fluctuations, or to the presence of 
so many eddies or harmonic components (or of so many degrees of freedom) that 
the Identity of the Individual eddies Is lost (Monin, 1978; Rabinovich, 1978). 
In the present results the first of these Is absent. Concerning the second, 
roundoff errors might be considered a form of external fluctuations. However, 
when the calculations were repeated using double precision, so that roundoff 
errors were reduced by a factor of about 10 6 , the mean-square velocities were 
practically unchanged. The Instantaneous velocities were different, although 
still as random as before. Thus, the effect of a large decrease In roundoff 
errors Is similar to the effect of a small perturbation of the Initial condi- 
tions (fig. 1). Since roundoff errors do not affect the turbulence level or 
the randomness, they cannot be considered a major sustaining cause of the tur- 
bulence or randomness observed here, although they may In some cases affect the 
Initial transition. In the present case the transition Is so rapid that the 
effect appears to be small. 

This leaves only the proliferation of eddies or harmonic components as a 
source of apparent randomness. That might well produce the randomness observed 
In figure 1, since the nonlinear production of harmonics tends to be explosive, 
particularly at high Reynolds numbers (each harmonic component Interacts with 
every other one) (Delssler, 1970a). However, the randomness may be produced, 
at least partially, by strange attractors or, more properly, by analogous 
strange behavior (Eckmann, 1981; Ott, 1981). (We talk about analogous strange 
behavior here, rather than strange attractors, since, strictly speaking, 
strange attractors exist only for steady-state turbulence (section VI I— A) . 

Here, analogous strange behavior refers mainly to apparent randomness In flows 
where a large number of degrees of freedom or harmonic components are not a 
necessary Ingredient and randomness occurs by a loss of hydrodynamic stabil- 
ity.) Lorenz (1963) and others (Monin, 1978; Rabinovich, 1978; Ruelle, 1976; 
Lanford, 1982) have shown that a system of nonlinear ordinary differential 
equations similar to the spatially differenced form of the Navler-Stokes equa- 
tions used here, or to the spectral form of those equations (Orszag, 1977b), 
can develop an apparently random behavior In time as a result of the loss of 
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stability of the solutions.^ In conjunction with this, regions appear In 
the phase space of the system to which solutions are attracted. Randomness 
arises In those regions, which are known as strange attractors, from a haphaz- 
ard movement of the phase point among the neighborhoods of various critical 
points In the phase space (steady-state points of unstable equilibrium where 
au-j/at = 0). (The presence of critical (or fixed) points Is not always con- 
sidered a necessary Ingredient of strange attractors, but randomness or sensi- 
tivity to Initial conditions Is essential. However, the spatially differenced 
and spectral forms of the Navler-Stokes equations do appear to have critical 
points, as do the Lorenz equations.) Unlike randomization by proliferation of 
harmonic components, randomization by strange behavior can occur either with a 
few or with many degrees of freedom. In the present case both processes may be 
Important. At any rate, as mentioned earlier, the results show that the struc- 
ture of the Navler-Stokes equations Is such that apparently random or turbulent 
solutions can arise from nonrandom Initial conditions. With the results from 
the low-order models, In which apparent randomness appears with as few as three 
degrees of freedom (e.g., In the Lorenz equations), the turbulence observed to 
be manufactured by the Navler-Stokes equations should perhaps not come as a 
surprise. 

The presence of strange behavior may be fortunate from a numerical stand- 
point In that It should enable turbulent solutions that are qualitatively cor- 
rect (at least Insofar as they appear random In time) to be obtained with a 
relatively coarse grid. The use of a fine three-dimensional grid, of course, 
requires the use of a large amount of computer time. 

Figure 6 shows a dimensionless velocity component u-| plotted against 
component U 2 (forming a plane In phase space) for one point In physical 
space. Although the behavior here Is much more complicated than that observed 
for the low-order models that are usually used to observe strange attractors 
or strange behavior (here there are not well-defined orbits around fixed crit- 
ical points, possibly because there may be an almost Infinite number of criti- 
cal points), there are similarities. Both the present turbulent results and 
those for the low-order models show trajectories consisting of loops and cusps, 
with frequent changes in the sign of the curvature of the trajectory (e.g., 
Franceschlnl , 1983). (Note that the present turbulent results ultimately 
decay, whereas the low-order models usually do not, since they contain forcing 
terms.) Although there are large changes In the direction of the trajectory, 
particularly In the regions of the cusps, the density of calculated points in 
those regions is very high, so that the numerical results should be reasonably 
accurate. Curves for u^ versus t (the numerical Integrations are with 
respect to t) are. In fact, smooth. Note that u-j and U 2 start out equal 
(on a 45° line) but that their equality Is quickly destroyed when randomness 
sets In. 


^Results from the differenced or spectral forms of the Navler-Stokes 
equations become arbitrarily close to those from the original equations as the 
number of grid points or Fourier components Increases (assuming convergence of 
the numerical method). Theoretically, the Navler-Stokes equations correspond 
to an infinite number of ordinary differential equations or to an Infinite 
number of degrees of freedom. 
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Randomization by strange behavior, or by a loss of hydrodynamic stability, 
almost certainly occurs In the present high-order turbulent results (high order 
here meaning many numerical grid points and thus many equations and degrees of 
freedom). This follows, first, from the fact that such randomness has been 
demonstrated to occur In low-order models (few equations and few degrees of 
freedom), such as that of Lorenz (1963) or Franceschlnl (1983), and second, 
from the fact that with the many more degrees of freedom present here than In 
the low-order models, many more critical points exist, and thus many more 
opportunities for randomization or loss of stability occur. Of course, because 
of the many degrees of freedom here, there will also be randomization by pro- 
liferation of harmonic components (so many harmonic components or eddies pres- 
ent that the Identity of the Individual eddies Is lost and the flow appears 
random). The present large number of degrees of freedom encourages both types 
of randomness, and both very likely occur. 

E. Evolution of mean quantities 

In the results given so far, no correction for discretization error due to 
the finite numerical mesh size was applied. The primary purpose of the present 
work, of course, Is to study the physics of turbulence rather than to obtain 
highly accurate results (possibly unattainable at very high Reynolds numbers). 
For low Reynolds numbers surprisingly good results for the decay can be 
obtained even with coarse grids (fig. 7). At higher Reynolds numbers the 
results, although less accurate, should still be qualitatively correct. Their 
accuracy can be Improved by applying fourth-order extrapolations to zero 
numerical grid spacing (In consistency with the fourth-order numerical differ- 
encing used In the calculations (Delssler, 1981a)). This Is done In lieu of 
subgrid modeling (making an assumption for the eddies smaller than the numer- 
ical grid spacing), e.g., Clark, et al., 1979. The method Is related to sub- 
grid modeling In that It assumes that the subgrid eddies are closely related to 
the calculated eddies but does not require the Introduction of a subgrid eddy 
viscosity (which Is, In effect, a kind of closure assumption). In all of the 
remaining results In this section the fourth-order discretization corrections 
are applied by extrapolating results for three mesh sizes to zero mesh size. 
However, the corrections are negligibly small except at the highest Reynolds 
number. 

1 . Mean-square velocity fluctuations 

Figure 8 shows the calculated evolution of mean-square velocity fluctua- 
tions (spatially averaged) for a series of Initial Reynolds numbers. As the 
Reynolds number Increases (v and Initial length scale xq held constant), 

~2 

the rate of decay of u Increases sharply, as In experimental turbulent flows 
(Delssler, 1979). This can be attributed to the nonlinear excitation of small- 
scale turbulence-like fluctuations at the higher Reynolds numbers. The high 
shear stresses between the small eddies cause a rapid decay. 

2. Microscales and nonlinear transfer of turbulence to smaller eddies 


The development of the small-scale eddies Is seen more clearly In 
figure 9, where the microscale \, normalized by Its Initial value, Is plotted 
against dimensionless time. The microscale Is defined by 
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(51) 


3U^ 3U^ 

For homogeneous turbulence and = 0, X can be calculated from 
equation (15) as 


p Vi 

x 2 cc - M '— 1 (52) 

du^u^/dt 

As the Reynolds number Increases, the small-scale structure becomes finer. The 
microscale decreases until the fluctuation level (Inertial effect) Is low 
enough so that viscous forces prevent a further decrease. After \ decreases 
to a minimum, It begins to grow. (Results for coarser grids were not qualita- 
tively different from these, but the mlnlmums were somewhat higher.) The 
Increase of \ at later times Is due to the selective annihilation of eddies 
by viscosity, the small eddies being the first to decay. Thus, at large times 
only the big eddies remain. It Is this period of Increasing X that Is gen- 
erally observed experimentally In grid-generated turbulence (turbulence 
observed downstream of a grid of wires or bars whose plane Is normal to the 
flow In a wind tunnel). The Increases of X with time observed experimentally 
(Batchelor, 1953, fig. 7.2) are generally of the same order as those In 
figure 9 (doubling the time Increases X by a factor of about 1.5). The early 
period. In which X decreases with time, Is of Interest as Illustrative of 
Inter-wave-number energy transfer. To generate the small-scale structure, 
turbulent energy must be transferred from big eddies to small ones. 

For homogeneous turbulence the equation for the rate of change of 
turbulent kinetic energy (eq. (15)) reduces to 


3_ 

3t 



3U^ 3u^ 


(53) 


That Is, only viscous dissipation contributes to the rate of change of kinetic 
energy, there being no Indication that nonlinear transfer of energy between 
scales of motion Is taking place. There may seem to be a paradox here In view 
of the large transfer of energy to smaller eddies Indicated In figure 9. This 
Is as It should be, however, since energy transfer between wave numbers or 
scales of motion should not contribute to the rate of change of total energy. 
To consider Inter-wave-number energy transfer, two-point equations must be 
used 4 Thus, equation (30) shows that the self-interaction transfer term 
T^ j ( k) In the two-point spectral equation (eq. (26)) has the property that 

T^(k) dK = 0 
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as a spectral transfer term should. The quantity k Is the wave-number vector. 
The spectral transfer term T^(k), or Its Fourier transform 

-3( u^ u j u^ - u^u^ujj/ar^ In equation (19), Is responsible for the generation of 

the small-scale structure In figure 9. Those terms come from the nonlinear 
term -3(u^u^)/3x^ In the unaveraged equation (48). As mentioned earlier, the 

term -3(u^u^)/3x^ produces randomization, as well as spectral energy transfer. 

Although equation (30) shows that T^ can transfer energy between wave 

numbers without contributing to the rate of change of total energy 3u^Uj/3t, 

It says nothing about the direction of the transfer or how Important It Is. 

For that we need calculations such as those In figure 9, which show that sig- 
nificant energy Is transferred to smaller eddies. The energy transfer can 
be thought of as due to a breakup of big eddies Into smaller ones or as a 
stretching of vortex filaments to smaller diameters. In spite of this transfer 
to smaller eddies, experimental results generally show a growth of scale 
(Batchelor, 1953, fig. 7.2). The reason Is that those results are usually for 
the later period shown In figure 9, where, although energy Is transferred to 
smaller eddies, the annihilation of small eddies by viscous action eventually 
wins out. The early period shown In figure 9, and In figure 2 of Taylor and 
Green (1937), Is of particular Interest In that the nonlinear transfer effects 
are truly dominant there; a sharp decrease In scale actually occurs as energy 
Is transferred to smaller eddies. 

3. Dissipation, vortlclty generation, and pressure fluctuations 

The energy dissipation term, the only term contributing to the rate of 
change of kinetic energy for homogeneous turbulence without mean gradients 
(eq. (53)) Is plotted In figure 10. That Is also the mean-square vortlclty 
(eq. (36)), but the two are distinct physical entitles. Although the curve for 
zero Reynolds number, where nonlinear effects are absent, decreases monotonl- 
cally to zero, the curves for higher Reynolds numbers Increase sharply for a 
while and then decrease. Thus, the nonlinear terms In the Navler-Stokes equa- 
tions are very effective vortlclty generators and greatly enhance the dissipa- 
tion at short and moderate times. For long times they appear to have the 
opposite effect, evidently because the turbulence Itself decays rapidly to 
zero. Nonlinear effects, although they do not appear explicitly In the evolu- 


tion equation for u^u^ (eq. (53)), thus alter greatly the evolution by alter- 
ing the dissipation term. 


12 A direct numerical calculation of T^ by Clark et al . (1979) for 
random Initial conditions, and corresponding to the region of Increasing X 
In fig. 8, shows the same thing. Calculated values of T^ are negative at 
small wave numbers (large eddies) and positive at large wave numbers (small 
eddies), so that energy is transferred from big eddies to smaller ones. 
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Figure 11 shows mean-square pressure fluctuations plotted against dimen- 
sionless time. The enhancement of the pressure fluctuations, although not as 
great as that of the vortlclty or dissipation, again Is due to nonlinear 
effects: In this case the nonlinear terms on the right side of the Poisson 

equation for the pressure cause the effect. 

4. Further discussion and summary of the processes In Isotropic turbulence 

Nonlinear velocity and pressure terms do not appear In the evolution 

equation for u.u. (eq. (53)). But we can calculate root-mean-square values 
of the nonlinear terms In the Instantaneous evolution equation (eq. (48)), as 
well as of the linear term. Three measures of the relative Importance of 
Inertial (nonlinear) and viscous effects are shown for a moderate Reynolds 
number In figure 12. The ratio of the nonlinear velocity term to the viscous 
term and the ratio of the pressure to the viscous term In equation (48), 
together with the microscale Reynolds number, are plotted against dimensionless 
time. The terms are space-averaged root-mean-square values. All of those 
measures show a variation from a rather Inertial to a weak fluctuating flow. 

For Instance, R x varies from about 90 to 0.7. This Is a much greater var- 
iation than has been obtained experimentally for a single run. The curves for 
the term ratios lie somewhat below that for R^. They Indicate that except 
at early times the nonlinear Inertial effects associated with velocity and with 
pressure do not differ greatly. 

The Importance of both nonlinear velocity and pressure effects In 
figure 12 Is somewhat paradoxical In view of equation (53), which says that 

neither contributes directly to 3u,u,/3t. The nonlinear velocity effects were 
already discussed In this section; It'was pointed out that such effects should 
not appear In equation (53), since they only distribute energy In wave-number 
space and so do not directly alter the total energy. Although there Is no 
nonlinear velocity term in equation (53), such a term appears In the two-point 

equation for 3u u'/3t. That equation, for the present case. Is obtained from 
equation (19) as 1 


3 _ 

3t 


Vi 


2v 


.2 , 

3 U^ 
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(u lVk - u 1 u k u i ) 



V(i) 


(54) 


where r Is again the vector extending from the unprimed to the primed point, 
and the pressure terms drop out because of continuity. The last term, where 
the parenthesis Indicates no sum on 1, Is a consequence of the Isotropy of the 

turbulence. The equation for the rate of change of each component of u^u^ Is 

contributed to by the nonlinear velocity term -(3/3r^)(u^u.ju£ - u^u^uj), but 

there Is no contribution from the pressure. The strong effect of pressure 
shown In figure 12 must be contained In higher order equations In the hierarchy 
of averaged equations (moment equations) (Delssler, 1958 and 1960). Thus, 
although two-point averaged equations contain a nonlinear effect of velocity, 
we must consider higher order multipoint equations to obtain an effect of pres- 
sure. Terms In the unaveraged equations shown In figure 12 (averaged over 
space after the solution has been obtained) Include effects of all orders. 
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(Effects contained In the numerical results may, however, be limited by the 
fineness of the numerical grid.) 

Although there is a strong effect of pressure in figure 12, the physical 
significance of that effect Is somewhat elusive In contrast to the effects of 
viscous dissipation and spectral energy transfer. If the turbulence Is aniso- 
tropic, a clear effect of pressure fluctuations Is that they transfer net 
energy among directional components (eqs. (14) and (15) and the discussion 
following those equations). That Is discussed In the following section. If, 

In addition, the turbulence Is Inhomogeneous, pressure can produce a net spa- 
tial diffusion of energy (eq. (15)). Those are evidently the only physical 
effects of pressure fluctuations (at least that we know about). Thus, If the 
turbulence Is homogeneous and Isotropic, as it Is here, It seems reasonable to 
attribute the observed pressure effects In the unaveraged equations to those 
processes. Even though there Is no net Interdl rectlonal transfer or spatial 
diffusion of turbulence when the turbulence Is Isotropic, those processes can 
still be Instantaneously or locally operative. They could, for Instance, cause 
a diffusion of tagged particles. According to figure 12, they have a signifi- 
cant Indirect effect on the evolution of the turbulence. 

From the findings of the present section we conclude that the following 
processes occur In Isotropic turbulence: nonlinear randomization by prolifer- 

ation of harmonic components or by strange behavior, nonlinear spectral trans- 
fer of turbulence among wave numbers or eddy sizes (mainly to smaller eddies), 
spatial diffusion and transfer of turbulence among directional components by 
pressure forces (with zero net diffusion and transfer Into each component), 
generation of vortlclty or swirl, and dissipation of turbulence Into heat by 
viscous action. 13 From this description the life of Isotropic turbulence 
appears Interesting and Includes many aspects. 

V. UNIFORMLY SHEARED FLUCTUATIONS AND TURBULENCE 

In the preceding section the evolution of nonrandom initial fluctuations 
Into Isotropic turbulence was examined numerically. The nonlinear transfer of 
energy to smaller scales of motion, the zero net (but not zero) spatial diffu- 
sion and transfer of energy among directional components, the generation of 
vortlclty or swirl, and viscous dissipation were studied. 

Another Important process Is the production of turbulence by a mean shear. 
Most turbulent flows, both those occurring In nature and those which are man- 
made, are In fact shear flows, where the turbulence Is produced and maintained 
by the shear. Because of the added complexity the nonlinear problem of turbu- 
lent shear flow Is even more difficult than that of Isotropic turbulence. So 
It Is not surprising that little progress has been made In obtaining an ana- 
lytical solution from first principles. An attempt to obtain a numerical 
solution would seem to be In order. 

Conceptually, the simplest turbulent shear flow, although certainly not 
the simplest to produce experimentally (Champagne, et al., 1970), Is one In 
which the turbulence Is uniformly sheared. At least two significant numerical 
studies of that type of turbulence have recently been made (Rogallo, 1981; 


13 Accord1ng to eq. (36), the vortlclty and the dissipation are 
numerically the same, but they are physically distinct. 
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Shaanan, et al . , 1975). In both of those studies random Initial conditions 
with a range of eddy sizes were used. 

In the spirit of the preceding section the present numerical study of 
uniformly sheared turbulence starts with simple determinate Initial conditions 
that possess a single length scale. As In the preceding section, we can In 
this way study how the turbulence develops from nonturbulent Initial condi- 
tions. Again, much higher Reynolds number flows can be calculated with a given 
numerical grid when a single length scale Is Initially present, at least for 
short and moderate times. 

Several Interesting results that could not be obtained In the previous 
work on turbulent shear flow are obtained here. One of the significant find- 
ings Is that the structure of the turbulence produced In the presence of a 
strong shear Is much finer than that produced In Its absence. 

A. Initial and boundary conditions 

In carrying out numerical solutions for uniformly sheared turbulence the 
Instantaneous equations (1) and (3), subject to Initial condition (38) and 
boundary conditions (44) and (47) are used. Since we are considering a 
uniform shear, we let 


dU l 

u i = 6 n dx 2 x 2 


In the Initial condition (38) and 
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(56) 


In boundary condition (44). For the coefficients In equation (38) we use 
equation (40), where we choose the first set^of signs. Equations (1) and (3) 
are written In terms of the total velocity u . , but we can calculate the 
fluctuating component u^ from equation (4). It should be emphasized that we 
consider here not a sawtooth type of mean velocity profile, but a continuous 
profile In which the mean-velocity gradient is uniform at all points. Even 
with a uniform mean velocity gradient, some local Inhomogeneity Is Introduced 
Into the fluctuations by the periodic boundary conditions. We will not concern 
ourselves with that Inhomogeneity, however, since we can still calculate prod- 
ucts of velocities and pressures averaged over a three-dimensional period. 

Those values are Independent of the position of the boundaries of the cycle. 
Note that for constant uniform mean-velocity gradient and mean pressure the 
last terms in equations (10) and (11) are zero even though the fluctuations may 
be Inhomogeneous (eqs. (12) and (13)). 


The U 2 component of the velocity fluctuation (In the direction of the 
mean-velocity gradient) Is crucial In maintaining the turbulence against the 
dissipation (Oelssler, 1970b and 1972). Therefore, when for brevity only one 
component of the velocity fluctuation Is discussed, that component is chosen 
as U 2 . More will be said about the maintenance of the turbulence later. 
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B. Development of random fluctuations 


Figure 13 shows the evolution of u 2 /\ u q ) at a ^* ed point In space for 

a high Reynolds number, as calculated from the full nonlinear equations. As 
In the preceding section asterisks on quantities Indicate that they have been 
nondlmenslonallzed by using the Initial length scale xg and the 2 k1nemat1c 
viscosity v. Thus t* = (v/Xg)t, x* = x^/Xg, and (dU^/dx^)* = (x^/vldU^/dx,,. 

Again the velocity fluctuations have the appearance of those for a random 
turbulence In spite of the nonrandom Initial condition (eq. (37)). The dashed 

/”2V /2 

curves for u 2 / \ u 0/ are a 9 a ^ n f° r initial conditions perturbed approximately 

0.1 percent. The perturbed curves at first follow the unperturbed ones but 
eventually depart sharply. Although the the curves In figures 13(a) and (b) 
differ considerably In appearance, the perturbed curves In the two figures 
take about the same length of time to break away from the unperturbed ones. A 
very small perturbation of Initial conditions causes a large change In the 
values of U 2 except at small times. On the other hand, the root-mean-square 
values of the velocities change smoothly with time and are unaffected by the 
perturbation of the Initial conditions. These features are characteristic of 
turbulence. (Although the root-mean-square curve In fig. 13(a) appears almost 
horizontal, It eventually goes smoothly to zero when extended.) 


C. Shear-related small-scale structure 


:( u q). 


1/2 


tfirttu^ence 


In figure 13 Is the 
(fig. 13(b)) when 
This shear-related 


A striking feature of the curves for 
small scale structure exhibited for sheared 
compared with the structure for no shear (fig. 13(a)). 
small-scale structure Is produced by the term -U|< au^/ax^ In equation (10) 
which, for uniform shear, Is -(dU-|/dx 2 )X 2 au-^/ax-). Equation (10) becomes, 
a constant uniform mean-velocity gradient and a uniform mean pressure, 


for 


2 

3u 1 dU l dU l au 1 a 1 ao 8 U 1 

at = ~ 5 1l dx 2 u 2 ~ dx 2 x 2 ax^ - ax^ ^ u 1 u k^ " p ax^ + v ax^ ax^ 


(57) 


where equation (12) Is used. Note that equation (57) Is obtained without the 
assumption of homogeneity. From the term -(dU-|/dx 2 )X 2 au^/ax-| In 
equation (57), we get the term 


ai) >u »j du a„ u; 

- h; r i "5F7 ■ - r 2 < 58 > 

In the two-point correlation equation (19). For periodic boundary conditions 
x^ dependency Is not present In equations (19) and (58) because averages 
are taken over a three-dimensional period with r^ held constant. This Is 
so even though the periodic boundary conditions may Introduce some local Inho- 
mogeneltles. If we take the Fourier transform of that term, we obtain the 
mean-gradient transfer term T!, In the spectral equation (26). Its effect In 
transferring energy to small-scale components Is similar to that of the non- 
linear transfer term T^ In equation (26) (the Fourier transform of the 
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triple correlation term In eq. (19)). The production of small-scale structure 
by the shear might be thought of as due to stretching of the random vortex 
lines In the turbulence by the mean gradient or to stretching of mean vortex 
lines by the turbulence. 

Although we first discussed a mean-gradient transfer term more than two 
decades ago (Delssler, 1961), the present results give the first graphic 
demonstration of the effectiveness of that term In producing a small-scale 
structure In turbulence. Since that Is a linear effect (when the mean gra- 
dient Is given), we can study It either by the full nonlinear solutions 
already considered In figure 13 (which contain linear as well as nonlinear 
effects) or by linearized solutions. 


Equation (11) becomes, for uniform shear and uniform mean pressure, 


a 2 p 

3X 1 3X 1 ' ~ 3X k 3X k ' 3X 1 ax 2 


(59) 


where equation (13) Is used. As In the case of equation (57), equation (59) 

Is obtained without the assumption of homogeneity. 

D. Some linearized solutions and comparison with nonlinear solutions 

Equations (57) and (59) are linearized by neglecting the terms 
-3(u^U| < )/3X| < and -3 2 (U| < u a )/3X| < 3x^. The numerical solution, with Initial and 
(periodic) boundary conditions given by equations (37), (40), (42), and (43), 
then proceeds as In the nonlinear case. 

We can obtain an analytical solution for unbounded linearized fluctuations 
by using unbounded three-dimensional Fourier transforms (Delssler, 1961). The 
solution does not satisfy constant periodic boundary conditions. Instead of 
working with the averaged equations (Delssler, 1961), It Is Instructive to work 
with the unaveraged ones and use the Initial condition given by equation (37). 
In this case the Fourier transforms must be generalized functions (a series of 
delta functions), but the method of solution Is the same as that In the earlier 
work. Equation (57) for U 2 and equation (59), when linearized, are Inde- 
pendent of U] and U 3 . The solution obtained by using the Initial 
condition (37) Is 

3 

u 2 = u; cos^q n .x - aql^tx^ (60) 

n=l 

3 

p = ^ ^ P n sin ^q n .x - aq^tx 2 ^ (61) 

n=l 

where 
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(62) 
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a = dU.|/dx 2 , q 11 = q^ n + q 2 + q^ , and the a" and q" are given In the 

initial conditions (eqs. (37) and (40)) (with the first set of signs). Mean 
values are obtained by Integrating over all space. For Instance, 
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(64) 


It Is clear from the form of equations (60) and (61) that the solution 
does not satisfy constant periodic boundary conditions. By omitting the term 
-(dU-j/dx2)x23Ui/3X] as well as the nonlinear terms In equations (57) and (59), 
we can, however, obtain a simple analytical pseudo solution that satisfies 
those conditions: 



This solution Is useful for checking the numerical calculations and for study- 
ing the effect of the term (dU-|/dx2)X23U2/3x-| on the fluctuations. 


Velocity fluctuations obtained from linearized solutions (numerical and 
analytical) were plotted (fig. 14). The presence of small-scale structure In 
the curves for (dU-|/dX 2 )* = 4434 and Its absence In those for 
(dU-|/dx 2 )* = 0 are apparent. The curve for no shear (eq. (50)) decays 
monotonlcal ly to zero when extended. This Is In contrast to the nonlinear case 
In figure 13(a) for no shear, where at least larger fluctuations are present. 
The linearized curves for ( dUi /d X 2 ) * = 4434 In figure 14 follow closely 
the nonlinear ones In figure 13(b) for short times. Likewise the linearized 
curves In figure 14 for periodic boundary conditions follow closely those for 
unbounded conditions for short times. For longer times the fluctuations for 
unbounded conditions continue to decay, whereas those for constant periodic 
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boundary conditions grow. Small-scale structure In the curves for unbounded 
conditions Is produced by the term aq^tx 2 In the argument of the cosine In 
equation (60) (a = dUl/dx2). This term arises from the term -ax 2 3U2/3X-] 

In equation (57), as Is evident from Its absence In equation (65), where the 
term -ax 2 3U2/3X] has been neglected. 

For discussing the linearized case for constant periodic boundary condi- 
tions, It Is convenient to convert equations (57) and (59) to a spectral form 
by taking their three-dimensional Fourier transforms. This gives, for u 2 , 
on neglecting nonlinear terms 
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(69) 


k Is the wave-number vector, and <p_ Is the Fourier transform of u„. Note 
that a finite transform Is used In tne X 2 direction In order to satisfy 
periodic boundary conditions at X 2 /xq = -ir.ir. 

Strictly speaking, equation (67) Is for a sawtooth mean-velocity profile, 
whereas the numerical results are for a uniform mean-velocity gradient. 
Equation (67) should still apply, however, at least for the present discussion 
purposes to points Inside, but not outside, the numerical grid. 

For constant periodic boundary conditions for u^ , small-scale struc- 
ture In the fluctuations or the transfer of energy between wave numbers Is 
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k' In equation (67) 

(eq. 57)) . From Its form 
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that It can produce a complicated inter-wave-number Interaction. 
:y <pl] at each * Interacts with cp, at every other allowable 


produced by the term containing the summation over 
That term Is the Fourier transform of -ax 0 au 0 /ax 
we see 

quantity vpp u u CUV/II iv iiibci uv uj n i wit \f/«p 

K 2 ‘ A difference between the solutions for unbounded conditions and those 
for constant periodic conditions Is that only fluctuations at Integral *2 
are possible when periodic conditions are Imposed, whereas for unbounded 
conditions fluctuations are possible at all values of K 2 - 


The 


Although the linear term -ax 2 3U2/ax-| Is effective In producing 
oscillations, even In the absence of nonlinear effects (fig. 14), the curves 
lack the random appearance of those In figure 13(b). Evidently, as In the case 
of no mean gradients (eq. (50)), the only way we can have a linear turbulent 
solution Is to put the turbulence In the Initial conditions (Delssler, 1961). 
Both -ax 2 au 2 /ax-| and the nonlinear terms In equation (57) are necessary to 
produce the small-scale turbulence In figure 13(b) from nonrandom Initial con- 
ditions. The former acts like a chopper that chops the flow Into small-scale 
components. Although the latter also do that, their most visible effect here 
Is to produce randomization. As In the preceding section the randomization 
might occur as a result of the presence of strange attractors (or, more prop- 
erly, analogous strange behavior) In the flow, by proliferation of eddies or 
harmonic components (with the loss of Identity of the Individual eddies) or by 
both (see section IV for a discussion of these possibilities). 


According to the linearized analytical solution given by equation (60), 
the manufacture of small-scale fluctuations takes place only In the X 2 
direction. Figure 15 shows how this has taken place at a moderate time. 

Figure 16 Is a similar plot for the nonlinear case. The randomizing effect of 
the nonlinear terms Is evident. 


For the nonlinear case, Up'TO/ was a ^ so P 1o ^^ ec * a 9 a ^ ns * x-| (fig. 17). 
The curves show some development' of small-scale structure In the x-| direc- 
tion due to the Interaction of the directional components In the nonlinear 
case. For the linearized flows small-scale structure developed only In the 
X 2 direction. 

E. Evolution of mean quantities with shear 
1 . Cross-correlation coefficients 


7%/2r$/2 

Cross-correlation coefficients u^UjAiJ (uj (1 * j) are plotted 
against dimensionless time for the nonlinear case In figure 17. Although 
~2 ~~2 ~2 

u, = u„ = u at t* = 0, the Initial cross correlations are not zero but are 
all positive and equal. However, because of the apparent randomization of the 

flow u„u„ and u.u„ approach zero as time Increases. On the other hand, the 

CO I o 

values of the turbulent shear stress u.u change from positive to negative 
and remain negative because of the dynamics of the Imposed mean shear. The 
presence of the mean-velocity gradient dU^/dx^ causes u^ to be likely 
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negative when u Is positive, so that u..u , the correlation between the 

two, Is negative: The waviness In the curves In figure 18, as well as that In 
some of the curves In later figures (e.g., fig. 21), Is probably caused by 
nonrandom structure In the flow, possibly that produced by the linear term 
-(dU-|/dx 2 )X 2 au^/ax-) in equation (57) (fig. 14 ). ^ 

2. Growth and anisotropy of the velocity fluctuations 


The evolution of the 


mean-square 
* 

Is plotted In figure 19, where u /lx 2 
adjustment period all of the com 
experiment (Harris, et al. (1977) and 


components of the velocity fluctuations 
2 

(11 c = ( x (/ w ) u m 2. After an initial 

ponents Increase with time, In agreement with 
the numerical results In Rogallo (1981)) 


2 

The numerical results In Shaanan, et al. (1975), on the other hand, show u ? 

~2 

and u 3 decreasing at all times, a difference that remains unexplained. Our 

2 ~2 
u.j component Is the largest of the three, u ? Is the smallest, and u g lies 

~2 

slightly above u 2 , In agreement with experiment Harris, et al. (1977) and 
previous numerical results. 


3. Accuracy of mean and Instantaneous quantities 


2 

The effect of discretization error on the numerical results for u ? Is 

shown In figure 20. Curves are plotted for 16 3 , 24 3 , and 32 3 grid points, 
together with a fourth-order extrapolation to zero grid-point spacing (an Infi- 
nite number of grid points) (Delssler, 1981a, 1981c). The differences between 
the results for 32 3 points and the fourth-order extrapolation are small but 
Increase somewhat at long times. These results appear to Indicate that the 
numerical results given here for averaged values are reasonably accurate. On 
the other hand the three-dimensional spatial resolution Is probably not great 
enough (except at early times) to give accurate spatial variations of unaver - 
aged quantities, other than that they have a random appearance. However, since 
the solutions are hydrodynamlcally unstable, and extremely sensitive to Initial 
conditions, the actual values of the unaveraged quantities are probably not of 
great significance. 

4. Maintenance of the turbulence 


For the case considered In this section (uniform velocity gradient 
dl)-|/dx 2 ) the one-point correlation equation (14) becomes 
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(70) 


where derivatives of averaged values with respect to x-j do not appear 
because averages are taken over a three-dimensional period. This Is so even 
though local Inhomogeneities may occur when periodic boundary conditions are 
used, as discussed earlier. 5 
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Figure 21 shows the evolution of pressure-veloclty-gradlent correlations. 
(Parts of some of the curves are omitted to avoid confusion.) The pressure- 
veloclty-gradlent terms In the one-point correlation equation (eq. (70)), 
together with the production terms, are responsible for maintaining the 
turbulence against the dissipation (given by the last term In eq. (70)). 

~2 ~2 

There are no production terms In the equations for au 2 /at and au 3 /at 

— p ~2 

( «1 1 Uj u 2 aU-j /ax 2 and <s^ u^u 2 au^ /ax 2 are zero). Thus u 2 and u 3 

~~2 

generally receive energy only from the u-j component, whose equation has a 
nonzero production term. Equation (70) shows that to do that, p au^/ax^ + 

p au^/aXj must be positive for 1 = j = 2, 3 and negative for 1 = j = 1. 

Figure 21 shows that Is actually the case for constant periodic boundary 
conditions except for an Initial adjustment period, so that the turbulence Is 

~2 

maintained (fig. 19). The maintenance of the u 2 or u 2 component Is par- 
ticularly critical because If u goes to zero, the Reynolds shear stress 
£ 2 

u,u 2 In the production term of the u. equation (eq. (70)) will go to zero 
and there will be nothing to keep the turbulence going. All of the components 
will then eventually decay. That Is what happens In the linearized analysis 
for unbounded turbulence In figure 21 (see also Delssler, 1961). 

~2 

The nonlinear results for u 2 are compared with various linearized solu- 
tions In figure 22. The same Initial conditions are used for all of the cases 
(eqs. (37) or (38), (40), and (55)). For all of the results, except those for 
the unbounded linearized case (obtained by using unbounded Fourier transforms 

~2 

(eq. (60)), the crucial u„ component eventually Increases so that the tur- 
bulence or fluctuations are maintained. In the unbounded linearized case 

~2 ~2 
u 2 decreases at all times. That was expected, since the u 2 results for 

that case In Delssler (1961, 1970b) (for different Initial conditions) 
decreased at all times. Somewhat unexpected are the linearized results for 
constant periodic boundary conditions, which show that the fluctuations are 
maintained for those cases. Whereas figure 21 shows that In the unbounded 
case the pressure-veloclty-gradlent correlations remove energy from the 

~2 

u 2 component and cause the fluctuations to decay as In Delssler (1961, 1970b) 

the Imposition of constant periodic boundary conditions changes the sign of 

~2 

those correlations and brings energy Into u„, so that the fluctuations are 
maintained. Equation (65), which satisfies periodic boundary conditions, 
shows that, at least when the term ~(dU. ] /dx 2 )x 2 au^/ax^ In equation (57) Is 

— 4 

neglected, u 2 Increases at large times If 2aq!j*q 2 > q n for at least 

one n. 
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5. Spectral transfer terms as stabilizing 

Comparing the linearized case for periodic boundary conditions In 
figure 22 with the corresponding nonlinear case shows that the nonlinear 

~2 

terms have a stabilizing Influence. That Is, the values of u~ Increase 
more slowly for the nonlinear case. Moreover comparing the curve for the 
linearized case with periodic boundary conditions and with the term 
-(dU 1 /dX 2 )x 2 3U2/3X-] In equation (57) missing (eq. (65)) with the correspond- 
ing curve for that term Included shows that the presence of that term also has 
a stabilizing Influence. Since neglect of that term Is equivalent to neglect- 
ing the mean-gradient transfer term T 1 22 spectral equation for 

~~2 

u„ (eq. (26)), we can consider the latter term as stabilizing. Thus both the 
nonlinear spectral transfer term associated with triple correlations T 22 
and the linear mean-gradient transfer term Tp 2 In the spectral equation (26) 

~2 

for u„ are stabilizing. The reason Is that both terms transfer energy to 
small eddies, where It Is dissipated more easily. 


It Is of Interest that the one-point correlation equation for au^u^/at 

(eq. (70)) contains neither a term associated with velocity-gradient transfer 
nor one associated with nonlinear transfer. That Is, both of those processes 

give zero direct contribution to the rate of change of u ^ u j : they only 

change the distribution of energy among the various spectral components or 
eddy sizes. This spectral transfer, of course, still affects the way In which 

u^Uj evolves (fig. 22). Even though equation (70) contains no transfer 

terms, the transfer of energy among the various spectral components of the 

velocity alters the terms that do appear In equation (70), so that 3u u /3t 
Is affected Indirectly. That Is not a small effect! ^ 


The modified linear pseudosolution given by equations (65) and (66) (dash- 
dot-dot curve In fig. 21) Is the simplest solution In which the fluctuations 
can be maintained against the dissipation. In obtaining It the only mean- 
gradient term retained In the equations for U 2 (eqs. (57) and (59), 1=2) 

Is -2(dU-|/dx2)3U2/3X] , a source term In the Poisson equation for the pressure. 
If that term Is also neglected, U 2 decays and, as discussed earlier, all of 
the components of the fluctuations decay. Moreover, as shown In figure 22 and 
already discussed, the term -( dll-| /dX 2 ) X 2 3u^/3x-| In equation (57) Is stabi- 
lizing, so It Is of no help In maintaining the fluctuations. Thus, at least In 
the linearized case, the presence of the source term -2(dU-|/dx2)3U2/3xi In the 
Poisson equation for the pressure Is necessary for maintaining the fluctuations 
That term should play a similar Important role In the maintenance of nonlinear 
turbulence, although in that case It Is hard to separate the linear effects 
from the nonlinear ones. In particular, the role of the nonlinear source term 
In the Poisson equation for the pressure remains unclear, although It may have 
an effect similar to that of the linear source term. 
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F. Return to Isotropy 

Figures 23 and 24 show the approach to Isotropy of nonlinear uniformly 
sheared turbulence when the shear Is suddenly removed. Although the shear 

— 2 

produces considerable anisotropy, the components u^ of the mean-square fluc- 
tuation approach equality upon removal of the shear and remain accurately 
equal. The pressure-veloclty-gradlent correlations In equation (70) are thus 
successful in transferring energy among the various directional components In 

~2 ~2 

such a way that equality of the u. Is produced. We note that u„ continues 
to Increase for a short time afterthe shear Is removed, probably Decause It 

~~2 ~2 

receives energy from both u^ and Ug. 

— 2 

In addition to equality of the u^, zero cross correlations u^u^ (1 * j) 

are required for Isotropy. Figure 24 shows that u^, which Is nonzero when 

the turbulence Is sheared, approaches zero when the shear Is removed, and 
along with the other cross correlations, remains close to zero. The 

destruction of u^u.,, apparently by nonlinear randomization effects, occurs 

over a finite time rather than Instantaneously on removal of the shear. 

Another expected effect of removal of the mean shear Is that the small- 
scale structure produced by the chopping term -(dU-|/dx 2 )x 2 au^/3x-| In equa- 
tion (57) should die out. According to figure 25, that occurs almost Immedi- 
ately when dU-|/dx 2 goes to zero, evidently because of the large fluctuat- 
ing shear stresses between the small-scale eddies. Figure 25 shows, In a 
particularly graphic manner, the effectiveness of the mean-gradient chopping 
term In equation (57) In producing small-scale turbulent structure. 

VI. INHOMOGENEOUS FLUCTUATIONS AND TURBULENCE (DEVELOPING SHEAR LAYER) 

Here, the work Is extended to an Inherently Inhomogeneous developing shear 
layer so that net diffusion, as well as other turbulence processes, can be con- 
sidered. This case Is general enough to Include all of the dynamical processes 
that ordinarily occur In Incompressible turbulence. 

For the Initial conditions we use a three-dimensional cosine velocity 
fluctuation, as before, and a mean-velocity profile with a step. Thus, In 
equation (38) we set 


U Jj = ir6 11 V[sgn(x* - ir) + 1] (71) 

where V Is a constant with the dimensions of a velocity. Equation (71) Is 
plotted against X 2 /xg In the curve for t = 0 In figure 26, where V* = 
Vxq/v , and xg Is again the Initial length scale of the disturbance. For 
the coefficients given by equation (40) we choose the second set of signs. 

With this choice of signs u u does not have to change sign as a result of 
the dynamics of the flow, as'lt did In the last section, and the Initial 
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adjustment period Is eliminated or greatly shortened. If the longer adjustment 
period remained, much of the development of the shear layer would be distorted. 


In carrying out the numerical solution of equations (1) and (3) we use 
boundary conditions (44) and (47), where we let 


(U.) - (U.) 

x*= 2 ir+b* x*=b* 

j j j j 


2 *‘nV 


02 ) 


Equations (1) and (3) are written In terms of the total velocity u. , but we 
can calculate the fluctuating part from equation (4), which, for^the present 
case, Is u^ = u. - $^,U, , where U. Is obtained by averaging u. over x-j 
and x„ for flxea values of x„. The fluctuations are Inhomogeneous In the x ? 
direction, except at t = 0 . 

The calculated evolution of the dimensionless mean velocity U^* = 

(xq/w)U-| ( U 2 and U 3 are zero) Is plotted against X 2 /xq = xj? for a partic- 
ular value of V* = \Ixq/v In figure 26. The results In this section may not 
be as accurate as those In the previous sections because of the presence of the 
discontinuity In the Initial velocity profile, but they should be qualitatively 
correct. The shear layer grows (from essentially zero Initial thickness) 
because of the presence of the turbulent and viscous shear stresses. The ratio 
of turbulent to viscous shear stress (averaged over x-j and X 3 at the cen- 
tral plane X 2 * = ir) Is plotted against dimensionless time In figure 27. 

Except at early times the growth of the shear layer Is almost completely 
dominated by the turbulent shear stress. 


Figure 28 shows the evolution of the Instantaneous velocity component 
U 2 and of the root-mean-square value of U 2 (averaged over the central 
plane X 2 * = ir) . Although the Initial conditions are nonrandom, the evo- 

lution of U 2 has a random appearance, as In the preceding sections. 


On the other hand 


/TV n 

IU 2 j evolves smoothly. 


These characteristics are again 


(~ 2\ W2 

representative of a turbulent flow. The quantity (u 2 J Increases monotonl- 

cally at small times In contrast to the corresponding curve In section V, 
where an Initial adjustment period was present. As mentioned earlier, the 
Initial adjustment period has been eliminated here by using the second set 


of signs In equation (40), so that u u does not have to change sign as a 

n \ 1/2 

result of the dynamics of the turbulence. The decrease In ( u ? I near the 
end of the curve Is caused by a decrease In mean-velocity gradient, and thus 
of turbulence production, at large times (fig. 26). 


As In the case In the preceding section, small-scale fluctuations are gen- 
erated In the Inhomogeneous turbulence In figure 28 by the Interaction of the 
mean velocity with the turbulence. This can be seen by comparing figure 28 
with figures 1 and 13(a), where mean-velocity gradients are absent. One might 
expect this since It has been shown (Delssler, 1981b) that, even for a general 
Inhomogeneous turbulence, a term In the two-point spectral equation for the 
turbulence can transfer energy between scales of motion as a result of the 
presence of mean gradients. 


134 



A. Inhomogeneous growth of turbulent energy 


A dimensionless plot of turbulent kinetic energy as a function of x * 

2 ^ 

and time Is given In figure 29, where u k u k * = (Xg/v) u k u k . As for all of the 

averaged values In this section, u k u k /2 Is averaged over x^ and x 3 for 
fixed values of X 2 - As time Increases, an Intense concentration or turbu- 
lent energy develops near the plane X 2 /X 0 = •*, where the mean-velocity gra- 
dient Is Initially Infinite. The turbulence Is highly Inhomogeneous. Inhomo- 
geneity, In fact, seems to be the dominant characteristic of the turbulence 
generated In the shear layer. The Indicated Increase In turbulence with time 
Is similar to that obtained experimentally (Brlnlch, et al., 1975). 

B. Turbulence processes In shear layer 

Terms In the one-point correlation equation for the rate of change of the 
turbulent kinetic energy (eq. (15)), which, for the present case, becomes 


3_ 

at 


, /u k u k\ 

du l 

1 a 

a | 

^Vk \ 

l 2 ) 

= “ u l u 2 dx 2 

- p ax 2 > u 2 
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(73) 


are plotted for t* = 0.000293 In figure 30. As usual, an asterisk on a 
quantity Indicates that It has been nondlmenslonallzed by using x and i>. 

4 3 U 

For Instance (u-|U 2 dU^/dx.,)* = (Xg /v ) u^u^ dU-j/dx,,. The terms that contrib- 
ute most to the rate of change of u^/2 are the production term 

-u.^ dU-j/dx^ the pressure diffusion term (-apu^/a x^)/p and the kinetic energy 

2 2 

diffusion term -(l/2)au k u k u 2 /ax 2 . The viscous diffusion term i>a (u k u k /2)/ax 2 

and the dissipation term -«au /ax au. /ax are small In figure 30. At early 
times, however, when the mean-velocity gradient Is large, the dissipation term 
Is appreciable. 


The production term, whose form shows that turbulent energy Is produced 
by work done on the Reynolds shear stress by the mean-velocity gradient, Is 
largest near the plane xj? = ir, where the velocity gradient Is Initially 
Infinite. The plots of the pressure and kinetic energy diffusion terms show 
that those terms are negative near X 2 = ir and positive away from that 
plane. Thus, they remove turbulent energy from the maximum-energy region and 
deposit It where the energy Is lower. Both diffusion terms therefore tend to 
make the turbulence more homogeneous. 

A comparison of the turbulence diffusion processes with the spectral 
transfer processes and the directional transfer processes arising from the 
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pressure-velocity correlations (sections IV and V) Is Instructive. The spec- 
tral transfer processes remove energy from wave-number (or eddy size) regions, 
where the energy Is high, and deposit It In regions of lower energy. The 
directional transfer processes remove energy from high-energy directional com- 
ponents and deposit It In a directional component (or components) where the 
energy Is lower. The turbulence diffusion processes, as shown here, remove 
energy from regions of space where the energy Is high and deposit It In regions 
of lower energy. The spectral transfer, directional transfer, and turbulence 
diffusion processes tend, respectively, to make the turbulence more uniform In 
wave-number space and more Isotropic and homogeneous In physical space. 

Although one might suppose that turbulence diffusion terms would always 
tend to make the turbulence more homogeneous, that supposition Is not supported 
by all of the experimental data. For Instance, measurements of wall-bounded 
turbulence (Laufer, 1954) Indicate that the pressure diffusion and the kinetic 
energy diffusion terms transfer energy In opposite directions, although the 
total diffusion Is from regions of high to regions of lower energy. On the 
other hand, measurements of turbulence In a free jet (Wygnanskl and Fiedler, 
1969) and In a wake (Townsend, 1949), which are closer to the case considered 
here, seem to support the present findings. 

VII. A STEADY-STATE HOMOGENEOUS TURBULENCE WITH A SPATIALLY PERIODIC 
BODY FORCE 


In all of the cases considered so far the turbulence either ultimately 
died out or Increased In Intensity with time. However, there are many Impor- 
tant cases In which the turbulence, after some time, reaches a statistically 
steady state (e.g., flow In a pipe far from the entrance). Moreover, a discus- 
sion of strange attractors (e.g., Eckmann, 1981, and Ott, 1981) should, 
strictly speaking, be based on a steady-state turbulence; a strange attractor 
Is, roughly, the region of phase space Inhabited by the phase point of a system 
after the Initial transients have died out, where the phase point moves In an 
apparently chaotic fashion. For the decaying turbulence of section IV the 
attractor would then be only a point In phase space. Of course, we could still 
talk about analogous strange behavior, even In an unsteady-state case, as we 
did In section IV-D. 


One way of obtaining a statistically steady-state turbulence Is by adding 
a spatially periodic body-force term (forcing term) F^ to the right side 
of equation (41). A convenient term for that purpose Is 


F 


1 


3 ( 1 ^) 


ax, 


1 aL + J—Hl 

p ax* ax,.ax 


'1 


k k 


(74) 


where the subscript 0 signifies Initial values, the u. are given by 
equations (38) and (40) with U^ = 0 and p by equation (3), and c Is a 

constant. The first set of signs Is used In equation (40). Equation (74), 
which Is time Independent^ Is used for F^ at all times. For c = 1, the 
the quantities u^ and p, as calculated from equation (1) (with F^ added 

to the right side) and equation (3), do not change from their Initial equation 
(3), do not change from their Initial values. To Introduce some Initial time 
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dependence, we set c = 1.05. The boundary conditions are taken to be 
periodic, as In section IV. 

Calculated results for„th1s case are plotted In figures 31 and 32, where 
t* Is again equal to {v/xq )t and xq Is the Initial length scale. 

Figure 31 shows the time evolution of u^ and ( u.j I at a point away from 
the center of the numerical grid, where as before, overbars Indicate space 

r2\ 1/2 

averages. The values are normalized by dividing them by (u n I , the Initial 
/^\ 1/2 /^\ 1/2 [~ 2 \^ /2 

value of I u, 1 = (u ? ) = (u 3 J . Since we are Interested In steady-state 

solutions'll Hong times It Is'necessary, to obtain reasonably accurate results, 
to use a lower Reynolds number than In the preceding cases, where shorter-time 
transient flows were considered. 


Figure 30 shows that, for 0 < t* < 0.17, the flow Is essentially laminar 

18 1 

1/2 


with small fluctuations of u^ . Then for 0.17 < t* < 0.18 there Is a rather 


sharp transition from laminar to turbulent flow, as 


(*?) 


Increases. For 


t* > 0.18 the turbulence Is statistically steady state, as Indicated by the 

/ToO /2 


nearly constant value of 


(=:) 


Curves for u 2 and u 3 are similar to 


those for u, , Including the same location of the transition region and nearly 

/^ 2\ 1/2 /^ 2\ 1/2 / 3 \ 1 /2 

the same values for (u^j and (u^J as for (u^j 


After the transition region (t* > 0.18) the flow appears to lie on a 
strange attractor, since it has the following characteristics: 14 first, a 
volume In the phase space of our system decreases with time, since the Navler- 
Stokes equations describe a dissipative system and phase-volume shrinkage can 
be shown to occur for the Navler-Stokes equations. 14 This Implies that an 
attractor exists for our system. Second, the chaotic appearance of the veloc- 
ity components (figs. 31 and 32) Indicates that the attractor Is strange. 
Finally, the fact that transients have died out for t* > 0.18, leaving a sta- 
tistically steady state (fig. 31), Indicates that beyond the transition region 
the phase point Is on the strange attractor. 

Figure 32 shows the projection on the u„-u 3 plane (at the center of the 
numerical grid) of the trajectory of the phase point as It moves on the strange 
attractor. As In figure 6 the trajectory consists of loops and cusps with fre- 
quent changes In the sign of the curvature, but unlike figure 6 the trajectory 
does not, of course, tend toward a point. The cusps might be considered as 
loops with very small or zero radii. Also, as In figure 6, randomization Is 
very likely associated with the large number of harmonics (eddy sizes) present, 
as well as with the strange attractor or strange behavior. 


14 These characteristics, as well as the possibility of obtaining a 
steady-state turbulence with periodic boundary conditions by slightly modifying 
the existing program, were pointed out to the author by R.J. Delssler. 
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VIII. CONCLUSIONS 


From the present review It Is concluded that the nonlinear and linear 
processes In turbulence can be profitably studied numerically. The results 
show that, at least at higher Reynolds numbers, an apparently random turbulence 
can develop from nonrandom Initial conditions. The numerically calculated 
turbulence Is not numerical hash, since a large number of time steps correspond 
to each fluctuation. For both sheared and unsheared fluctuations the structure 
of the Navler-Stokes equations Is such that turbulence can develop even when 
the/lnltlal flow Is nonturbulent. This Is Indicated by the appearance of the 
Instantaneous velocity fluctuations and by the sensitivity of those fluctua- 
tions (and the Insensitivity of average values) to small perturbations In the 
Instantaneous Initial conditions. The randomness appears to Increase as the 
numerical mesh size decreases. Moreover, the two-time velocity correlation 
becomes small as the time between the occurrence of the two velocities 
Increases. In addition, for no mean shear the correlation between any two com- 
ponents of the velocity becomes small as the time Increases, as a result of the 
randomization. This correlation Is not small Initially, even though the three 
components of the mean-square velocity fluctuation are equal at early as well 
as at late times for the Initial conditions chosen. Also, calculated velocity- 
derivative skewness factors for no mean shear appear to be of reasonable mag- 
nitude when compared with those for Isotropic turbulence. Thus, except In the 
Initial period the results for no mean shear evidently give a reasonably good 
approximation to Isotropic turbulence. 

The source of the observed randomness may lie In the presence of strange 
attractors or, more properly, of analogous strange behavior (Monin, 1978) In 
the phase space of the system, as well as In the occurrence of a large number 
of eddies or harmonic components (large number of degrees of freedom). It 
appears that no conclusions can be drawn as to the relative Importance of the 
two processes, but both probably occur. (A strange attractor Is a region In 
the phase space of the system to which solutions are attracted and In which the 
phase point moves In an apparently chaotic fashion. It can occur even with a 
small number of degrees of freedom.) Roundoff errors appear not to be a sus- 
taining cause of the randomness; a large decrease In roundoff errors did not 
appreciably affect the turbulence level or the randomness of the fluctuations, 
although the Instantaneous values were different. Thus, the affect of a large 
decrease In roundoff errors Is similar to that of a small perturbation of the 
Initial conditions. Roundoff errors may In some cases affect the transition 
to turbulence. The present turbulent solutions bear some similarity to those 
for low-order models In that both have trajectories In phase space that consist 
of loops and cusps, with frequent changes In the sign of the curvature of the 
trajectory (fig. 6). Moreover, with the results from the low-order models In 
which apparent randomness appears with as few as three degrees of freedom 
(e.g., In the Lorenz equations), the turbulence observed to be manufactured by, 
the Navler-Stokes equations should perhaps not come as a surprise. 

At early times the calculated nonlinear transfer of energy from big eddies 
to small ones Is almost completely dominant and causes a sharp decrease In the 
size of the microscale. This has not been generally observed experimentally 
or analytically because the period usually studied Is for later times, where 
the annihilation of small eddies by viscous action causes the scale to grow, 
even though energy Is being transferred to smaller eddies. This later period 
of scale growth Is also observed In the present results. 
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The nonlinear terms In the equations of motion, besides transferring 
energy among eddy sizes and producing randomization, are very effective vor- 
tlclty generators and Increase the dissipation and the rate of decay. The 
Increased rate of decay Is a result of the nonlinear transfer of energy to 
smaller eddies; the small eddies decay faster than the big ones because of the 
higher shear stresses between the small eddies. Calculation of (averaged) 
terms from unaveraged equations of motion shows, as might be expected, that the 
flow Is dominated by nonlinear Inertial effects at early times and by viscous 
effects at later times (fig. 12). The nonlinear effects are associated with 
both velocity and pressure terms In the unaveraged equations of motion, even 
for Isotropic turbulence. Since the one- and two-point averaged or correlation 
equations for Isotropic turbulence do not contain pressure terms, the effects 
of pressure observed for the unaveraged equations must be contained In higher 
order averaged equations. The Infinite hierarchy of averaged equations should 
contain all effects, as do the unaveraged equations. The only physical proc- 
esses associated with pressure (that we know about) are Interdlrectlonal 
transfer and spatial diffusion of turbulence (eq. ( 14 )). it thus seems rea- 
sonable to attribute the observed pressure effects In the unaveraged equations 
to those processes. Even though there Is no net Interdlrectlonal transfer or 
spatial diffusion In Isotropic turbulence, those processes can still be locally 
operative. 

The processes occurring In Isotropic turbulence thus Include the follow- 
ing: nonlinear randomization, nonlinear spectral transfer (mainly to smaller 

scales of motion), zero net (but not zero) spatial diffusion and transfer of 
turbulence among directional components, generation of vortlclty or swirl, and 
viscous dissipation. 

If a uniform shear Is present In the flow, we have, In addition to these 
processes, production of turbulence by the mean-velocity gradient, net transfer 
of turbulence among directional components by pressure forces, and linear 
spectral transfer among scales of motion by the mean gradient. The last of 
these processes results In the production of small-scale fluctuations In the 
flow. This can be attributed to a mean-gradient transfer term In the spectral 
equation for the velocity fluctuations (eq. (26)). Although we first discussed 
that term over two decades ago, the recent numerical results considered herein 
give the first graphic demonstration of the effectiveness of that term In gen- 
erating a small-scale structure In the turbulence. However, the small-scale 
fluctuations produced by that term alone (linear solution) are essentially 
nonrandom. Evidently, the only way we can have a turbulent linear solution, 
either with or without mean gradients, Is to put the turbulence In the Initial 
conditions. To produce the small-scale turbulence from nonrandom Initial con- 
ditions observed herein for shear flow, the presence of both the linear mean- 
gradient transfer term and the nonlinear terms In the equations Is necessary. 
The former term, or Its equivalent In the unaveraged equation (57), acts like 
a chopper that chops the flow Into small-scale components. The latter terms, 
while they also produce small-scale components, act most visibly here as 
randoml zers . 

In all of the uniform-shear cases calculated with constant periodic bound- 
ary conditions, Including both linear and nonlinear flows, the pressure- 
veloclty-gradlent correlations are successful In distributing energy among the 
directional components, so that the turbulence or the fluctuations are main- 
tained. This Is In spite of the presence of a production term In the equation 
for only one of the components. Both the linear mean-gradient transfer term 
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and the nonlinear terms mentioned In the preceding paragraph have a stabilizing 
effect. That Is, they cause the fluctuations to Increase at a slower rate. 

The reason Is that both terms transfer energy to small eddies, where It Is 
dissipated more easily. It Is shown that, at least for the linearized solution 
with constant periodic boundary conditions, a mean-gradient source term In the 
Poisson equation for the pressure Is necessary for maintaining the fluctuations 
against the dissipation. That term should play a similar Important role In the 
maintenance of nonlinear turbulence, although In that case It Is hard to sepa- 
rate the linear effects from the nonlinear ones. For the linearized unbounded 
solution (obtained by using unbounded Fourier transforms) the fluctuations 
decay, as expected from earlier results. 

When the mean-velocity gradient Is suddenly removed, the turbulent shear 
stress goes to zero In a finite time, and the velocity-pressure-gradient cor- 
relations cause the turbulence to attain the Isotropic state. The Intensities 
of the directional components become and remain equal. In addition, the small- 
scale structure produced by the mean-gradient transfer term quickly vanishes 
(fig. 25). Figure 25 shows, In a particularly graphic manner, the effective- 
ness of the mean-gradient chopping term In equation (57) In producing small- 
scale turbulent structure. 

For a developing shear layer the turbulence Is Inhomogeneous and, In 
addition to the processes considered so far, a net spatial diffusion of turbu- 
lence occurs. The thickness of the shear layer, which Is Initially zero, 
Increases with time because of the presence of turbulent and viscous shear 
stresses. Except at very early times the growth of the shear layer Is almost 
completely dominated by the turbulent shear stress. As time Increases, an 
Intense concentration of turbulent energy develops near the plane where the 
mean-velocity gradient Is Initially Infinite. The turbulence Is highly Inhomo- 
geneous. The calculated turbulence production Is always positive, and Is 
largest near the plane where the velocity gradient Is Initially Infinite. The 
pressure and the kinetic energy diffusion are negative near that plane and 
positive away from It. Thus, they remove turbulent energy from the high-energy 
region and deposit It where the energy Is lower. Both diffusion processes 
therefore tend to make the turbulence more homogeneous. 

A comparison of the various transfer and diffusion processes occurring In 
turbulence Is of Interest. The spectral transfer processes remove energy from 
wave-number (or eddy size) regions where the energy Is high and deposit It In 
regions of lower energy. The directional transfer processes remove energy from 
high-energy directional components and deposit It In a directional component 
(or components) where the energy Is lower. The turbulence diffusion processes 
remove energy from regions of space where the energy Is high and deposit It In 
regions of lower energy. The spectral transfer, directional transfer, and 
turbulence diffusion processes tend, respectively, to make the turbulence more 
uniform In wave-number space and more Isotropic and homogeneous In physical 
space. 

By adding a spatially periodic body-force term to the Navler-Stokes equa- 
tions, a solution Is obtained In which the flow first passes through laminar 
and transltlon-to-turbulence stages. The turbulence then quickly settles down 
to a statistically steady state. In this last stage the flow appears to have 
characteristics corresponding to those of a strange attractor. 
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Initial conditions use eq. (40) with 

first set of signs 



t* 


(a) x* = x* = 9ir/8, x* = 3ir/8, for unaveraged fluctuations. 

(b) x* = x* = x* = ir, for unaveraged fluctuations. 

I C. J 

Figure 1. - Calculated evolution of turbulent velocity fluctuations (normalized by initial condition) 

fiV /2 

for a high Reynolds number ^u Q j x Q /v = 2217. No mean shear; root-mean-square fluctuations 
spatially averaged; 32 3 grid points. 
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(a) 8 3 grid points. 

(b) 16 3 grid points. 


(c) 32 3 grid points. 


Figure 2. - Effect of numerical mesh size on calculated evolution of velocity fluctuations. No mean 


~ 2\ ]/2 


shear;! u^ x /\> = 2217; x* = ir (at grid center) 
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*#_ f * 

' *0 

(a) tQ = 0. 

(b) t 0 = 0.00813. 


Figure 3. - Calculated correlation coefficient for velocities at dimensionless times to and to 



t* 

Figure 4. - Calculated correlation coefficient for two velocity components plotted against dimension- 

, , . 

less time. No mean shear^UQ J xq/v = 2217; 32 3 grid points. 
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Figure 5. - Calculated evolution of velocity-derivative skewness factor. No mean shear; 



Figure 6. - Calculated trajectory of phase point projected on u 1 ~ u 2 P 1ane x* = x* = 9ir/8, 

x* = 3ir/8, and 0.00236 < t* < 0.0108. Arrows indicate direction of time. No mean shear; 

3 

3 

32 grid points. 
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Figure 7. - Effect of numerical mesh size on evolution of u at low and moderate Reynolds numbers. 

u u ~2 ~2 ~2 ~2 

No mean shear, u = u^ = u 2 = u^. 



Figure 8. - Calculated evolution of mean-square-velocity fluctuations (normalized by initial value) 

2 2 2 2 

for various initial Reynolds numbers. No mean shear; u = u^ = u 2 = iij ; extrapolated to mesh 
size. 
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Figure 9. - Calculated evolution of microscale of velocity fluctuations (normalized by initial 
value) for various initial Reynolds numbers. No mean shear; extrapolated to zero mesh size. 



2 

Figure 10. - Calculated development of mean-square-vorticity fluctuations u or dissipation c 
(normalized by initial value) for various initial Reynolds numbers. No mean shear; extrapolated 
to zero mesh siie. 
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Figure 11. - Calculated evolution of mean-square pressure fluctuation (normalized by initial value) 
for various initial Reynolds numbers. No mean shear. Extrapolated to zero mesh size. 



Figure 12. - Three measures of relative importance of inertial and viscous effects plotted against 

“2 1/2 

dimensionless time. No mean shear; u^ x^/v = 69.3; i = 1, 2, or 3; extrapolated to zero mesh 
si ze . 
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Figure 13. - Effect of uniform shear on calculated evolution of nonlinear turbulent velocity 

fluctuations (normalized by initial value) for a high Reynolds number lu^ I x^/v = 1108 

Root-mean-square fluctuations are spatially averaged; 32^grid points; x* = x* = 9v/8, 
x* = 3ir/8 for unaveraged fluctuations. c 
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Figure 14. - Calculated evolution of linearized velocity fluctuations (normalized by initial value). 

H\ yZ 3 

Uq ) x Q /v = 1108; x* = x* = 9ir/8; x* = 3ir/8; 32 grid points. 
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Figure 16. - Nonlinear solution for u^u^ j plotted against x*. x* = 9ir/8; x* = 3ir/8; 
(dU 1 /dx 2 )* = 4434;^) x q /v = 1108; 32 s grid points. 
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Number of 
grid points 



3xl0" 9 



Figure 21. - Calculated evolution of pressure-velocity-gradient correlations. (dlt^A^)* = 4434; 

( 2\ 1/2 3 

I Uq 1 Xq/ v = 1108; 32 grid points. 
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Figure 22. - Evolution of u„ 
(~ 2\ U2 

Uq x 0 /v=H08. 


for various linear and nonlinear solutions. (dU-|/dx 2 )* = 4434; 



Figure 23. - Calculated approach to isotropy of uniformly sheared turbulence upon sudden removal of 

ni /2 3 

the shear, lu* ) x Q /v = 1108; 32 grid points. 
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0 .2 .4 .6 .8 tor 1.2 1.4 1.6 1.8 2 n 

x 2 " x 2^ x 0 

Figure 26. - Calculated development of shear layer mean-velocity profile with dimensionless time. 

rr \ 1/2 3 

(u Q ) x Q /v = 554; V* = 2216 in eq. (71); 32 grid points. 
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Figure 27. - Calculated time variation of ratio of turbulent-to-viscous shear stress for developing 
shear layer at x$ = ir. ^ J »q/v = 554; V* = 2216 in eq. (71); 32 3 grid points. 



0 2 4 6 8xl0 4 


Figure 28. - Calculated evolution of turbulent velocity fluctuations (normalized by initial value) 
for developing shear layer. Unaveraged fluctuations are calculated at center of numerical grid 

(x* = ir). Root-mean-square fluctuations are averaged over x* and x* at central plane 
1 — wo 13 

* ( 2 V 2 

X 2 = ir. J fy/v = 554; V* = 2216 in eq. (71); 32 3 grid points. 
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x 2 " V x 0 

Figure 29. - Development of dimensionless kinetic energy profile with dimensionless time for develop- 
(~2\ yi 

ing shear layer. ^uqJ xq/v = 554; V* = 2216 in eq. (71); 32 3 grid points. 
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Figure 30. - Plot of terms in one-point correlation equation for kinetic energy (eq. (73)) for devel- 

rz\' /z 

oping shear layer. \uq ) xq/v = 554; V* = 2216 in eq. (71); t* = 0.000293; 32 3 grid points. 
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Figure 31. - Calculated evolution of turbulent velocity fluctuations (normalized by initial condi- 

tion) with a spatially periodic body force. I u Q I x Q /v = 138.6; x* = x* = 9ir/8; = 3ir/8 for 

unaveraged fluctuations. Root-mean-square fluctuations spatially averaged; 32^ grid points. 



Figure 32. - Calculated trajectory of phase point projected on u^-u^ plane at numerical grid 

center with a spatially periodic body force. 0.26 < t* < 0.32; 
points. Arrows indicate direction of time. 


-i \ 1/2 

u 0 ) x Q /v = 138.6; 323 grid 
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BYPASS TRANSITION TO TURBULENCE AND RESEARCH DESIDERATA 


Mark V. Morkovin 
Illinois Institute of Technology 
Chicago, Illinois 60616 


Bypass transitions are seldom mentioned in texts or meetings on instabil- 
ity and transition to wall turbulence. Like poor relations, they are untidy; 
they spoil the beautiful orderly structure of instability theories and devalue 
our rational tools for improved understanding of the onset of turbulence in 
boundary layers, pipes, and ducts. I shall first try to illustrate the nature 
of a number of bypass transitions by examples. Like a Sunday preacher, I will 
use visualizations of concrete phenomena to have something to preach about and 
to convey a physical feeling for the associated mechanisms whenever possible. 

HISTORIC BYPASS - THE BLUNT-BODY PARADOX 

Turbulent wedges on blunt noses (fig. 1) was the first class of bypass 
identified (ref. 1). The fact that transition occurred very early on many 
spherical noses was a shock to designers of reentry vehicles in 1957. All 
theories said that the accelerated cooled boundary layer was stable, and yet 
flight tests (ref. 2) showed transition on the nose for laminar Reynolds num- 
bers based on the momentum thickness Re e of the order of 100 to 200. Two 
multiminion dollar contracts based on copper heat sinks "melted away" with 
this finding of high turbulent heat transfer. Tens of millions of dollars were 
lost because the path to turbulence bypassed all known theories. Ten years 
later I coined the word "bypass" to describe this "blunt-body paradox" and to 
drive home to designers that we cannot trust stability theory alone. Predict- 
ing transition, without allowing for bypasses, remains risky. To this day, the 
mechanism of the early transition on blunt bodies remains unexplained. Many 
classes of bypass, as Bob Graham described in the Introduction, are due to 
large disturbances, but there are no clearly large disturbances evident in the 
blunt-body paradox. I found wall roughness to be the most likely contributor 
to the phenomenon (ref. 3, sections I I 1—6 and III -9 ) . When the mirror finish 
on NASA Lewis test vehicles (protected by plastic sheets up to the test alti- 
tudes) did not keep the roughness below 5 ?in rms, a bypass occurred. Even 
10-?in roughness is very small (not truly measurable by most mechanical profil- 
ometers); yet it was in some sense excessive for the thin boundary layers in 
the given flight disturbance environment. Until we truly understand why this 
is so, predicting transition on the basis of theory or statistically inadequate 
correlations (as they all are) entails risks that should be considered in 
justifying any design involving transition. 

CONCEPT OF MINIMUM REYNOLDS NUMBER FOR SELF-SUSTAINING WALL TURBULENCE 

AND LATERAL CONTAMINATION 

Figure 1 also illustrates the concept of the turbulent Re 6i min- To 
me, a most important concept is that at certain low Reynolds numbers a tempo- 
rarily turbulent boundary layer cannot sustain itself. If made turbulent 
through forced local separation, it relaminari zes . Relaminari zation in accel- 
erating boundary layers on smooth spheres or cylinders is known to occur within 
15° to 20° from the stagnation point, at least for the Reynolds number based 
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on the diameter of the sphere or cylinder ReQ In the range 3x10^ to 3x10^. 
Sustenance of turbulent "bursting" processes near the wall Is the crucial fea- 
ture. A vehicle returning from a Mars mission must remain below Re 0 m ^ n 
or carry extra weight In retrorockets and their fuel so as not to burn up In 
Earth's atmosphere. One of the most Important results that should come out of 
any bypass transition research Is consistent Identification of Re 0 m ^ n for 
the different boundary-layer classes. 

In flat-plate boundary layers (fig. 1) disturbances were Introduced 
(refs. 4 and 5) through large Isolated roughnesses or sparks. One of the pri- 
mary effects of such large disturbances Is local boundary-layer separation, 
which brings about highly unstable inflectional profiles. An early transition 
on an Inflectional profile may or may not grow. It may relamlnarlze after 
reattachment as already mentioned. The non-Blaslus boundary layer may sustain 
turbulence In the narrow wake (fig. 1). The wake diverges slowly and para- 
bollcally, as a turbulent diffusing wake will do when the boundary layer next 
to It remains completely laminar and stable. At some stage the neighboring 
Blaslus layer, the boundary layer In which we are Interested, suddenly "allows" 
the turbulence to spread along a turbulent wedge-front, making an angle of 8° 
to 11° with the streamwlse direction. The beginning of the wider spreading 
locates Re e m ^ n empirically. The spreading Is called transition by trans- 
verse or lateral contamination. Note that there Is nontrivial uncertainty In 
pinpointing this location - a matter of subjective judgment. For the flat 
plate this location coincides very nearly with that of the Tol Imlen-Schl Ichtlng- 
Schubauer (TS) critical Reynolds number Re cr for the growth of Infinitesimal 
disturbances. This was noticed by Or. H.L. Dryden some 9 years before he 
became head of NASA. We then have a large disturbance and yet Its Initiation 
of turbulence In a Blaslus layer coincides with the Infinitesimal Instability 
criterion. We now know that this happens to be a coincidence, though It Is 
still not understood. 


FLOWS WITH KNOWN Re 0(mln AND Re cr 

On spheres and circular cylinders Re cr and R e e,m1n have a completely 
different relationship: Re 0 m ^ n can be substantially 6elow Re cr . Because of 

the pressure gradient my conjecture Is that Re 0 m ^ n depends on Rep - all 
unexplored research territory. For pipe flows fte cr Is Infinite, whereas 
Rep for self-sustained wall bursting In so-called turbulent slugs (ref. 6) 

Is about 2700. (The flow confinement In pipes makes possible a different mode 
of steady self-sustenance of turbulence at an Rep of about 2200, the puff 
turbulence (ref. 6); this turbulence Is presumably sustained by self- 
perpetuating Inflectional Instability taking place away from the wall.) In 
two-dimensional Polseullle duct flows Re cr based on half of the distance 
between the parallel plates Is approximately 5770; growing and convectlng tur- 
bulent patches, however, arise spontaneously (ref. 7) at the low Re of about 
1500, the effective minimum Reynolds number. The nature of this transition 
remains unknown - another bypass. The physical confinement enhances the role 
of unsteady pressure fluctuations, which spread elllptlcally In all directions 
at large effective rates. 

One unconfined boundary layer also maintains constant thickness and 
therefore constant Re 0 all along Its length: the boundary layer along 

the attachment lines on a swept wing of constant chord or on an Inclined long 
cylinder. For such attachment layers Re 0 m ^ n Is approximately 100 
(ref. 8), whereas the critical Re 0 Is 236 (ref. 9). Forced turbulent 
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spots at Reg below 100 relamlnarl ze as they travel along the blunt lead- 
ing edge; clearly this information is relevant in turbomachinery. 

The information in the preceding paragraph essentially exhausts our know- 
ledge concerning Re 0 m ^ n . Before we go on to other types of bypass, we 
should comment on an assumption that is often hidden in the experimental 
accounts. Since we are dealing with self-sustenance of turbulence, the momen- 
tum thickness e should refer to the nonlntermlttent, turbulent boundary 
layer at the given location x. We can often measure or at least compute with 
some degree of assurance the laminar velocity profile, and hence e-| am , as a 
function of x but not the new turbulent profile. If a laminar profile were 
to turn turbulent "Instantaneously" at the given x, without the Intervention of 
a drag-producing element, ©turb would equal e-| am . All of the Re 0 m -j n values 
quoted above are understood In this sense. A useful discussion of tfie relation 
between contiguous laminar and turbulent boundary layers and of transition 
tripping devices Is due to Preston (ref. 10). Finally, we should observe that 
the mechanism of lateral contamination Is distinct from the mechanism that 
originally caused the turbulence. Lateral contamination by turbulent wedges 
or Intermittent turbulent spots In boundary layers therefore represents a 
separate bypass mode that can be present anywhere downstream of Re 0 m ^ n . 

There Is no theory nor even a crude model for, say, the angle of lateral con- 
tamination as a function of pressure gradient and Mach number. At supersonic 
speeds It can be as low as 5°. 

BROAD CLASSIFICATION OF LARGE DISTURBANCES 

Large "disturbances" that can cause bypass transition In otherwise 
smoothly developing boundary layers can be steady or unsteady and can originate 
In the oncoming stream or at the body surface. One way to look for the poten- 
tial causes of bypasses of all established stability theories Is to ask what 
features make possible the analysis of the Instability mechanisms besides the 
presence of small disturbances. Invariably the base flows that are perturbed 
to study the Instabilities are characterized by dependence on a minimum of 
Independent variables (x, y, z, and t) and other parameters such as wall cur- 
vature and sweepback. The smoothly distributed vortlclty w of the base flow 
Is generally oriented along a single coordinate, spanwlse or azimuthal (In 
axlsymmetrlc shear layers). The perturbations of the nonlinear vortlclty- 
rotatlng and -stretching source term • grad(V) In the vortlclty equation Is 
then absent from the linearized perturbation equations. The associated power- 
ful Invlscld vortlclty-generatlng mechanism thus remains Inoperative in the 
first (primary) Instability. If, however, there Is a sufficiently large steady 
deformation of the wall or If a sufficiently large steady secondary flow or 
shear layer In the stream such as a wake from an upstream stator interacts with 
the boundary layer, the base flow possesses a three-dimensional o> to start 
with. When we perturb these flows, the extra vortlclty-generatlng mechanism 
Is then present In the primary Instability and Is likely to lead to an earlier 
transition. The steady large disturbances would cause a bypass of the known, 
analyzed Instability patterns. 

Similarly a large unsteady disturbance can make the base flow temporarily 
highly unstable. If the Instability Is very fast, It may be completed before 
the original large disturbance runs Its course and thus generate a bypass. 
Inflectional Instabilities and the rotate-stretch mechanism In particular can 
be very rapid In many practical situations. 


163 



The distributed vortlclty In the base flow may be likened to an amplifier 
system. Steady and unsteady large disturbances can redistribute the vortlclty 
enough to make the amplifier act more powerfully and In new modes not excitable 
In the original amplifier system. In the examples given, the large disturbances 
did just that. Besides acting In this role of a modifier of the amplifier 
system, large disturbances Invariably provide direct Input Into the amplified 
signal, higher In Intensity and richer In spatlotemporal spectral content. 

This Is also the role assigned to the "environment" In small-disturbance 
theory. Unsteady potential pressure gradients (Including sound), entropy, and 
vortlclty fluctuations and nonhomogenltles In the stream can all Induce 
unstable vortlclty eigenfunctions In boundary layers through many mechanisms 
broadly called receptivity. Linearized quantitative theories of receptivities 
to the different stream disturbances are currently under development. 

The Increased Intensity of the disturbances should make the same primary 
Instabilities develop faster and farther upstream. This Is Important even 
though not strictly a bypass behavior. However, finite amplitudes should open 
up additional threshold-dependent Instabilities In the "enlarged amplifier 
system." Many Interactive Instabilities (ref. 11), which are relegated to 
secondary Instabilities In small-disturbance environments, may emerge as 
primary Instabilities and alter the path to turbulence. Admittedly, many of 
these possibilities are speculative, simply because no reliable studies have 
been reported on the Instability characteristics In boundary layers forced by 
large three-dimensional disturbances, In which at least two of the three rms 
fluctuation levels u 1 , v 1 , and w' exceed 3 percent of the mean free-stream 
velocity U e . If we compare these 3-percent magnitudes to those present at 
the onset of turbulence In a Blaslus layer at the Herbert breakdown (ref. 11), 
we can appreciate better the possibilities of Interactive Instabilities. These 
latter disturbances correspond roughly to a u^ ax of the fundamental TS wave 
of the order of 0.01 U e and to similar amplitudes of the resonant skew sub- 
harmonic and of the rest of the broadband spectrum. Since rms fluctuations 
add In the square, the forcing large disturbances with nonresonant u' « 0.03 
U e exceed the disturbances In observed cases of Incipient turbulence. 

Herbert's interaction can begin at levels of the fundamental u' ~ 0.006 U e 
and the subharmonic at u 1 « 0.0006 U e . In view of such Indirect Information 
the likelihood of Interactive Instabilities becoming primary appears quite 
plausible. Mentioning such possibilities Is Intended primarily to stimulate 
the Imagination of those embarking on research Into large disturbances, and not 
as a prediction. 


LARGE WALL DISTORTIONS AND HORSESHOE VORTICES 

We have established that large disturbances, steady or unsteady, at the 
body surface or In the stream, enhance and modify the vortlclty-ampllfylng 
system and In addition supply more Intense and spectrally richer fluctuations, 
which are amplified. Let us go back to the visual evidence of concrete 
examples; we start with strong disturbances due to wall deformation - a more 
detailed elaboration of the phenomena leading gradually to the top pattern of 
figure 1 - and continue with even stronger disturbances. The motivation for 
the choice of this example Is multiple. First, the fixity of wall deformations 
makes evident many modes of vortlclty behavior that cannot be easily photo- 
graphed and analyzed when the strong disturbances are convected with the 
stream. Second, a very damaging disturbance In turbomachinery Is associated 
with a horseshoe vortex formed at the Intersection of the blades or vanes with 
the hub or casing wall. Our example deals with a circular cylinder that 
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protrudes to an Increasing height k Into and ultimately through the laminar 
boundary layer of thickness 5. Since smoke tracers do not penetrate Into all 
of the regions of Interest, we shall precede the photographs with two comple- 
mentary sketches of the flows of Interest (figs. 2 and 3) due to Gregory and 
Walker (ref. 12) and to Charles R. Smith of Lehigh University. These sketches 
are based on numerous observations, with different tracers Introduced at dif- 
ferent locations, and represent a consensus of most observers. 

To my knowledge the Gregory-Walker sketch Is historic; It gave the first 
three-dimensional topography of separated flow around a three-dimensional pro- 
tuberance. Also, as a result, our Intuitive concept of separation, nurtured 
by quasl-two-dlmenslonal textbook examples, requires revision to allow for 
throughflow and partial openness of the "local pockets of separation": the 

separation surface has "Inlets" and "exits." A central-plane streamline, just 
above that shown approaching the protuberance In figure 2(b), comes to a stag- 
nation point S', where the highest pressure Is experienced on the surface of 
the obstacle. Pressure gradients on the obstacle from S' toward the wall 
propel the rollup of the open slice of the vortical boundary layer from the 
wall to the dividing stream surface, which has S' as Its high point. The 
resultant horseshoe vortex H diverts the Initial a> 2 vortlclty Into the 
two spiraling vortlclty tubes oriented In the x direction. The slice of the 
oncoming boundary layer above the dividing stream surface through S' forms 
the side and top shear layers, which are stable at the low Reynolds number 
portrayed here. In steady flow these shear layers effect an Incomplete closure 
of the near wake along a higher pressure dashed line through S at the wall, 
a very complex rear singularity. The top rear surface of this steady three- 
dimensional separation pocket Is pierced by a steady outflow In the form of two 
weak spiral vortices (evident In all three projections). The Inflow Into the 
slowly recirculating rear "separated" region comes partly from the Inner seg- 
ments of the side and top shear layers and partly through two symmetric back 
openings In the wall (figs. 2(a) and (b)). The two arms of the horseshoe 
vortex tube lift off the wall as they are forced to rotate around the obstacle 
and open two symmetrically located "Inlets." 

The Reynolds number Re|< that governs the flow around obstacles Is 
defined as (U^kJ/w, where Uj< Is the boundary-layer velocity at the obstacle 
height k In the absence of the obstacle and v Is the dynamic viscosity. 

The complicated flow described above and depicted In figure 2 Is stable at 
Re^ of 300 to 450, depending on the shape of the obstacle and the pressure 
gradient along the wall. As far as we know, all symmetric protuberances at low 
Reynolds numbers have flow fields topologically similar to that depicted In 
figure 2. These flows are the base flows that would have to be perturbed If 
we were to study their stability analytically. At present not even advanced 
computers can resolve such details of the base flows as the spiral vortices and 
the wall Inlets. The resulting Instabilities will have to be specified empir- 
ically. Because of the complex flow geometry they bypass previously analyzed 
patterns. Here we are following the visual evidence to obtain a "feel" for 
what can happen In fields generated by large disturbances. 

TRANSITION CAUSED BY ISOLATED THREE-DIMENSIONAL EXCRESCENCES 

As Re^ grows past 300 to 450 (depending on obstacle shape) the weak 
top spiral vortices strengthen and begin to weave closer and closer to the rear 
separating surface. With rising Re^ the separating surface becomes unsteady 
and soon sheds periodic Intertwined hairpin vortices (fig. 3). Lift Is exerted 
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on the hairpin loops by the boundary layer, and the loops move toward the edge 
of the boundary layer as they are convected downstream. Norman (ref. 13) 
measured local u'/U e as high as 0.04 at distances 30k to 40k (k = height 
length) downstream of the protuberance without any subsequent Instability that 
would render this complex periodic flow turbulent. Under these conditions the 
pattern decays and transition occurs far downstream, usually through primary 
TS and subsequent secondary and tertiary Instabilities. There Is, however, 
some evidence that the far wake of the large disturbance caused by the pro- 
tuberance contributes to a somewhat earlier growth of the TS and secondary 
Instabl Titles. 

As Re|< reaches 550 to 650, depending on the shape of the obstacle, 
with X|< past Re cr , the transition starts moving upstream very rapidly. 

An Increment of 20 In Re^ may halve the xtr,0 - x k distance to transition. 
This rate decreases as xt r approaches X|< asymptotically. As we shall see 
shortly, transition will remain near the obstacle although new Instabilities 
will appear as Re^ Increases. The nature of the Instability that brings on the 
rapid forward movement of x^r Is currently being Investigated by P. Klebanoff. 
It bears resemblance to the final Instability In the transitions commencing 
with TS waves as the primary Instability. The final "burst" takes place near 
the wall, probably as an Interaction of the horseshoe vortex and the Intert- 
wined legs of the hairpin vortices; stretching of these legs by convection and 
lifting of the loops (fig. 3) should provide extra Intensification. 

In figure 4(a), due to Norman (ref. 13), x^ r Is far downstream of the 
protruding cylinder. Any smoke that may have penetrated the wake was diffused 
by the motions of the hairpin loops of figure 3. The horseshoe vortex Is 
clearly upstream of the cylinder; downstream, along the Inner edge of the arms 
of the horseshoe vortex, weak periodic undulations Indicate the Influence of 
the unseen loops. In figure 4(b), the interaction with the moving hairpin 
vortices Is clearly visible at the Inner boundary of the horseshoe vortex 
tubes. The wake spreading Is still parabolic, but x-t- r must be approaching 
the downstream end of the photograph. In figure 4(c), turbulence starts near 
the end of the separation and spreads along a nearly straight turbulent wedge 
front, as discussed In connection with figure 1(a). 

In figure 4, Re^ was changed by Increasing U e and keeping the height 
constant and equal to the diameter of the cylinder. Except for figure 4(c), 

Re cr was downstream of x^. In figure 5, the height k and the cylinder diame- 
ter were Increased In a constant boundary layer, keeping k/D equal to unity. 

In figure 5(a), the larger disturbance of the cylinder protruding through the 
boundary layer Is seen to generate two additional horseshoe vortices upstream 
of the cylinder. Simultaneously, we witness the appearance of a new type of 
Instability on the Inner horseshoe. This spiral Instability now governs the 
transition to turbulence as Its dominant factor. But the horseshoe vortices 
begin to oscillate as Re^ Is Increased. Configurations of four horseshoe 
vortices collapsed periodically, as If the Inner one broke and convected away, 
while the others moved up by one, an occurrence labeled "burping." Three- 
vortex configurations burped occasionally, presumably because of larger random 
modulation of free-stream disturbances, which must Introduce the unsteadiness 
Into fixed-obstacle Instabilities. This behavior Is probably present In the 
horseshoe vortices formed at the Intersection of the blades or vanes with the 
hub or casing wall In turbomachinery. If the configuration burped, letting 
loose some fluid that was next to the wall and replacing It with fresh fluid, 
a condition of high heat transfer would be created. Unsteady motion at the 
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equivalent of the stagnation point S' in figure 2(b) also generates high 
local heat transfer. This is compounded by intersecting shock waves at super- 
sonic and hypersonic speeds; special tailoring of local geometry is needed to 
protect the roots of control fins on high-speed vehicles operating at lower 
altitudes . 

In figure 5(c), the disturbance is so strong that transition actually 
occurs on the horseshoe vortices as they form in front of the obstacle. There 
is little probability that such instability and transition can be handled with 
confidence computationally for decades. All of the preceding illustrations of 
bypass transition were for relatively low Reynolds numbers for two reasons. 
First, bypasses are expected to occur at the lower Reynolds numbers between 
Re cr and Re e m -j n (if these can be estimated). Second, we are able to 
observe the otherwise undescribable complexity of the motions and the multi- 
plicity of instabilities and thus acquire some "feel" for what may be in store. 

At higher body Reynolds numbers these events will move toward the leading 
edge and be lost to the resolution of our visualization techniques. Neverthe- 
less, to the extent that we have accounted for the dominant characteristic 
length and velocity scales, we can extrapolate the present lessons to practical 
situations, at least qualitatively, through the appreciation for the mechanisms 
that may be Involved. Such appreciation is a prerequisite for designing of 
meaningful experiments in the realm of large disturbances. 

We may ask what would happen in these cases of large wall disturbances if 
we added stronger free-stream turbulence. It depends on whether the local 
flows in figure 4 can sustain turbulence once it is triggered; in other words 
are the flows in the horseshoe vortex and at the separation surface above their 
own Re m i n ? Since these flows already have three-dimensional vorticity and 
locally inflectional profiles, the turbulence might be sustainable in figures 
4(a) and (b) without propagating into the neighboring laminar layer by lateral 
contamination as occurred upstream of Re cr in figure 1(a). The local heat 
transfer at the obstacle would then rise substantially. If in the case of 
figure 4(a), say, Re m ^ n were not reached, the heat transfer in the presence 
of higher free-stream disturbances would rise much less because it would remain 
governed by laminar conduction scales. The additional unsteadiness Imposed by 
the external free-stream turbulence is then likely to bring about a second- 
order effect. 


EFFECT OF A WAKE IMPINGING ON A BLUNT BODY 

Let us now consider what lessons we can draw from a few experiments with 
moderate disturbances coming from the free stream toward a body without the 
disturbing wall deformation just discussed. For larger stream disturbances the 
region of concern is usually the leading edge, especially when the oncoming 
fluid is hot, whether in propulsive and cooling devices or downstream of a 
strong shock in supersonic flight. Figure 6, due to Hodson and Nagib 
(ref. 14), shows schematically how a low-Re wake from an upstream cylinder of 
diameter d causes a pair of horseshoe vortices in the stagnation region of a 
circular or rectangular cylinder of breadth D. In 1973 it occurred to me that 
a momentum defect in a stream impinging at right angles to the stagnation line 
S a -S of a two-dimensional body should generate horseshoe vortices just like the 
momentum defect in a boundary layer does as the high-pressure region of the 
protruding cylinder is approached in figure 4. The next day Nagib and Hodson 
produced visual evidence of the phenomenon and later went on to document its 
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nonlinear onset and Its Implication for heat transfer. The stagnation pressure 
along S a , on the sides of the wake, Induces flow down the pressure gradient 
toward the full stagnation point at S. When the pressure at S exceeds suf- 
Iclently the stagnation pressure associated with the streamline of least momen- 
tum, such as that leading to Sf, there Is counterflow and horseshoe vortex 
formation. (See also Morkovln (ref. 15) for a detailed discussion of theoreti- 
cal and experimental evidence of Instabilities In stagnation regions and the 
empirical threshold curve for the vortex formation of Hodson and Naglb.) 

One of the Hodson-Naglb dye visualizations In water of the vortex pair In 
front of the flat face (dark vertical line on left) Is shown at the top of 
figure 7. The horizontal dye line marks the center of the steady laminar wake 
of a rod at Re d = 30; the body Reynolds number Re D = 1040 has only second- 

ary Influence. Heat can be carried to and from the body on a large nonmolecu- 
lar scale, and Its transfer has local spanwlse maxlmums and mlnlmums. These 
can be quite high and could cause local damage. In steady flow the spatially 
averaged heat transfer along the leading edge appears to be of second order, 
according to Hodson and Naglb (ref. 14). 

UNSTEADY EFFECTS AND HEAT TRANSFER 

The average heat transfer Increases with unsteadiness. In the lower half 
of figure 7 where Re d = 365 and the wake Is weakly turbulent, horseshoe vorti- 
ces are still forming but they dance back and forth. The blue dye (B) and the 
yellow dye (Y) originate far upstream and pass just below and above the wake- 
generating rod. Despite the turbulence and slight three-dimensionality of the 
wake, both dyes are drawn Into the two-dimensional "mushroom" from the region 
of high stagnation pressure, as suggested In the lower half of figure 6. 

Figure 8 features frames from a Hodson-Naglb film. At Re d = 90 the wake, 
111 diameters downstream from the rod, has decayed considerably to u'/U e of 
the order of 0.02 to 0.03. The condition of a regular formation of Karman 
vortex street at approximately 40 Hz was chosen so that the contrast caused by 
a sudden additional disturbance would be readily perceptible. The sudden dis- 
turbance was caused by a single water drop falling on the surface of the water 
half a channel height above the rod. The effect of the disturbance consists 
primarily of a sudden change In the phase rather than In the amplitude of the 
oscillatory wake; the phase change Is marked by the letter P In figure 8. 

We can follow It as It progresses toward the flat face of the rectangular 
cylinder at the dark vertical line on the left side of the frames. The heads 
of the oscillating pair of vortices begin to be affected at t = 0.24 sec. The 
evidently forceful ejection of a single horseshoe vortex at t = 0.44 sec and 
further strong vortlclty Interactions leading to two smaller horseshoe vortices 
at t = 0.55 sec were not previously observed and are Initially surprising. 
They testify to the strength of possible vortical Interactions when distributed 
vortlclty Is allowed to concentrate locally through Instability rollups. The 
wall gradients associated with such unsteady developments especially In the 
last two frames of figure 8 are bound to produce high heat transfer rates. Yet 
the flow Is In no sense turbulent. This Is regular laminar behavior except for 
the sudden phase change. The phase change alters the ongoing Interactions, 
which follow the Blot-Savart law. We note that a film was necessary to capture 
effects due to free-stream disturbances. There are few such films. By focus- 
ing first on large disturbances due to steady wall deformations new effects 
could be captured rather easily because of the fixity of the disturbance. 

There Is reason to believe that an equally rich atlas of Interactions, beyond 
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those of figures 7 and 8, awaits researchers Into large steady and unsteady 
free-stream disturbances. 


ROLE OF LOCAL SEPARATIONS 

This Is an opportune occasion to reinforce the earlier statements concern- 
ing local separation as an Important effect of large disturbances, steady or 
unsteady. Obviously the formation of separation pockets cannot be linearized. 
We have seen local separation play Important roles In roughness cases (In fact, 
practically In all roughness phenomena) and In horseshoe vortex formation at 
three-dimensional obstacles as well as at blunt leading edges. We should add 
quasl-two-dimenslonal local separations at locations of rapid changes of curva- 
ture, often called leading-edge bubbles or laminar bubbles even though the 
closure of the bubble Is generally turbulent. The effective mechanism here Is 
Inflectional Instability. Thin blades and airfoils Invariably have separation 
bubbles. In some cases they are most efficient In making the boundary layer 
turbulent and thus preventing stall losses In turbomachinery, pumps, and fans. 

Even for carefully designed blades, free-stream disturbances with larger 
velocity components perpendicular to the leading edge, steady or unsteady, may 
generate separation bubbles locally and temporarily. Part of the research on 
bypass transition should Investigate carefully the local behavior when wakes 
from upstream are "cutting" across sharp and blunt leading edges of surfaces 
at various angles so as to systematize and generalize the Insights of Hodson 
and Naglb. 

Even when transition Is not caused just past the leading edge, large 
steady and unsteady streamwlse vortlclty, generated there, affects transition 
downstream. A significant related observation was made by Kendall (ref. 16) 

In his figure 5. His turbulence-producing grid was made of slender vertical 
rods placed In the settling chamber some meters upstream of the measuring 
station above a horizontal flat plate In the test section. At such distance 
the Intensity u'/U e In the free stream had decayed to 0.11 percent and was 
uniform across the span. However, Inside the boundary layer the Intensity 
varied regularly from 0.15 to 0.23 percent at spanwlse Intervals set by the 
3.2-mm-dlameter rods In the settling chamber. Kendall found the horizontal 
component u 1 to be out of phase below and above the plate. Somehow, the u' 
and w' fluctuations In the rod wakes, antisymmetric In the z direction, 
were converted Into motions antisymmetric In the y direction, perhaps at the 
leading edge or through vortlclty stretching by the 9:1 contraction. How the 
resulting antisymmetric motion of the stagnation point on the 6:0.5 elliptic 
nose of the plate was related to the spanwlse nonuniformity Is not clear. We 
also know that In very low-disturbance environments significant streamwlse 
vortlclty somehow forms In boundary layers (ref. 17) and accelerates the 
Gortler and crossflow primary Instabilities and the secondary Instabilities 
Initiated by TS waves. The cause must be sought In the Imperfect geometry of 
the leading edge or In Its Interaction with free-stream disturbances. Any nick 
In the leading edge creates a pair of streamwlse vortices, and possibly a 
bypass transition. 

In two-dimensional bubbles the rolled-up vortlclty of the separated shear 
layer serves as a rapid turbullzer. If the leading edge Is swept or otherwise 
moves at a skew angle with respect to the local stream, the bubble acquires a 
throughflow velocity component along Its axis. Such formations may grow Into 
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concentrated vortices; If they are cast off the solid surface, they represent 
strong and dynamic large disturbances that can spoil flows downstream. 

FREE-STREAM TURBULENCE AND TRANSITION 

Let us now return to effects of free-stream disturbances on transition on 
undeformed bodies, this time on an ogive-cylinder In an axlsymmetrlc wind tun- 
nel as shown on top of figure 9, borrowed from an unpublished study (ref. 18) 
of D. Arnal and J.C. Julllen of ONERA, Toulouse. Two free-stream conditions 
are shown, as Indicated by the streamwlse x variation of u'/U e , one with a 
turbulence-producing grid (grille) and the other without the grid (sans 
grille). The first lesson from this comparison Is that anytime we study 
effects of free-stream turbulence we must monitor the variation In Its Inten- 
sity and spectra throughout the test section. The Intensity of the grid turbu- 
lence decreased by more than a factor of 2.5 along the body, while the 
Intensity of the old turbulence from the settling chamber upstream of the 
contraction Increased somewhat. 

This latter lack of decay was never explained satisfactorily. In the 
experience of the author and his colleagues, such a behavior means the probable 
presence of some slow mean gradients or a swirl with production of new turbu- 
lence. Neither of the fields behaves like the Idealized Isotropic turbulence. 
Note that neither Intensity In these experiments represents really large distur- 
bances. Turbulence of high Intensity Is Invariably spatially nonhomogeneous , 
and Its careful mapping would disclose mean lateral and streamwlse gradients 
In Intensity. Quotations of grid-produced turbulence with Intensity Tu = 
u'/U e > 0.04 seldom mention that such fields also exhibit mean velocity 
gradients when measured along continuous traverses. As we have discussed, such 
mean gradients modify the boundary-layer amplifiers along their paths. Obvi- 
ously there Is no single Tu number that can characterize the turbulent field 
as a guide to the onset of transition. No wonder that earlier In this sympo- 
sium, Ray Gaugler reported failure In predicting transition with all techniques 
and correlations in the cases of large disturbances he had analyzed. There are 
too many parameters and subtle nonl Inearltltes (many not even recorded) to make 
possible any kind of a credible statistical base for such prediction codes to 
be trustworthy. 

The ONERA study at small-to-medlum Tu levels Illustrates the dilemmas 
that we often face as we make more measurements: x-j- r In the absence of the 
grid was at 0.9 m, which Is upstream of the x^ r of 1.05 m achieved In the 
presence of the grid at much higher Tu. These are measurements by profes- 
sionals that cannot be dismissed as If they were a beginner's masters thesis. 
Evidently additional factors, more Important than u 1 levels, must be lurking 
In the experiments. One such factor could be the spectral distribution of the 
external disturbances conveyed In the Insets of figure 9. The authors confirm 
that the grid actually suppressed the low-frequency end of the spectrum. Could 
low-frequency fluctuation of higher amplitude more effectively Induce TS waves 
at higher frequencies (between 400 and 550 Hz) In this flow at 29 m/s? This 
Is not altogether out of the question; one Important receptivity path (ref. 19) 
Is through unsteady pressure gradients Impressed on the Inner boundary layer 
near and past Re cr . We shall return to this Issue In connection with 
figure 10. Another possibility Is that the large disturbances caused by the 
grid rods planted directly Into the wall of the tunnel caused a considerably 
thicker turbulent boundary layer. The growth of the displacement thickness on 
the wall must have accelerated the flow somewhat and made the boundary layer 
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on the body more stable than In the absence of the grid. The authors doubt 
that this effort was significant, but the measurements of U e /U e re f In the 
upper part of figure 9 were not made near the body. Furthermore! Arnal and 
Juillen's own figure 42 shows that the displacement thickness of the boundary 
layer grew about 10 percent faster without the grid, Indicating a slightly more 
destabilizing pressure gradient. We are left with speculations. However, that 
Is a frequent predicament of experimenters In transition, when they make more 
than one experiment, especially when these are separated by unrelated experi- 
ments on the different Instruments. It Is a very useful lesson for researchers 
embarking upon the much more demanding task of developing understanding of the 
effects of large disturbances on the multifaceted phenomena of transition. 

Unsteady Disturbances In Laminar Boundary Layers and Receptivity 

Figure 10 compares hot-wire traces u(t) at five heights y/e In the 
boundary layer as the disturbances Inside the layer In the presence of the grid 
develop with x, where e Is the local momentum thickness at each x. (For 
approximate estimates we recall that In a Blaslus layer 6 ~ 2.96* ~ 2.9 x 
2.59 e.) The first station (x = 3.7 cm) Is located In the accelerated bound- 
ary layer on the nose of the body. Since the time scales In all of the traces 
are the same, the external high-frequency content (see sample external spectrum 
In the Inset of fig. 9) appears at all the levels of the layer. At the next 
station, x = 36 cm, 10 times as far from the nose, the high frequency has been 
filtered out or dissipated near the wall. Incidentally, Re m ^ n should occur 
near x = 15 cm. The boundary layer on the front of the body Is effectively 
buffeted by the free stream. Upstream of Re m ^ n the transport processes 
across the boundary layer must remain largely laminar (l.e., molecular); the 
vortlclty convected Into the parabolic layer and the pressure field of the 
vortlclty remaining outside the layer make It unsteady (l.e., buffet It); see 
top of figure 14. The small-scale velocity fluctuations carried with the 
Ingested vortlclty are effectively damped near the wall. This Is evidence 
against the receptivity path whereby direct free-stream vortlclty Ingested Into 
the spreading layer would be converted Into vertical TS waves. Vortlclty 
entering the layer downstream of Re cr and the vortlclty Induced by pressure 
fluctuations across the streamlines remain as possible active agents of recep- 
tivity (ref. 19); see top of figure 14. 

The small wiggles on the two traces nearest to the wall at x of 66 and 
85 cm are In fact the signatures of TS wave packets growing away from the wall. 
Additional spectral evidence suggests that these TS wave packets keep growing 
and that after secondary Instabilities near x = 95 cm and final Instabilities 
near x = 100 cm, turbulent Intermlttency sets In. The Important finding Is 
that TS waves first appear near the wall, after all frequencies In the TS range 
seem to have been filtered out or dissipated upstream. These findings are 
consistent with the more recent results of Kendall (ref. 16). However, the 
u 1 Information tells us little about damping of Ingested, nearly streamwlse 
vortlclty. Such vortlclty would produce a zero signal If strictly aligned In 
the x direction. Since It weaves along Its way, all such unsteadiness would 
be sensed as low-frequency u‘ signals by the hot wire oriented In the z 
direction. The low frequencies In the Inner y regions at the last two sta- 
tions are probably partly of this character. However, velocity fields Induced 
by vortlclty convected outside the boundary layer should also contribute pri- 
marily at lower frequencies: only larger scale formations can Influence 

regions at greater distances (top of fig. 14). Measurements of space-time 
correlations at two or three points are needed to sort out the complicated 
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forcing and response fields. Receptivity to free-stream turbulence appears to 
be very subtle Indeed; see Kendall (ref. 16) for additional factual Information 
on the response at a forcing-grid-generated Intensity u'/U e of 0.16 percent. 

In the relatively low-intensity experiments of figures 9 and 10, recep- 
tivity appears to begin as a linear process seeding llnearlzable TS wave 
packets that cumulate and grow to nonlinear levels and lead to higher Insta- 
bilities. At higher Intensities the nonlinear effects described In the section 
Broad Classification of Large Disturbances should be expected. Important 
modifications of the oncoming vortlclty fields can be anticipated at a sharp 
leading edge but may be difficult to model. 

When a turbulent field approaches a blunt body, the potential field 
Induced by the blunt shape distorts the turbulent field substantially and non- 
Isotroplcally. It Is the distorted field that ultimately Interacts with the 
boundary layer. A serviceable account of the transformed field Is obtainable 
through the so-called "rapid distortion theory" (ref. 20). If applied to w z 
vortlclty In figure 6, the theory would Indicate that such vortlclty Is 
stretched and amplified algebraically as It Is convected toward the blunt body. 
The vortlclty lines also deform Into a horseshoe shape as they approach the 
body. Once they penetrate deeply enough Into the boundary layer the stretch- 
ing Is counteracted by viscosity and the associated disturbances damp, at least 
at the linearized level of stability analysis. 

A very useful outline of the many phenomena discovered In fields where 
different turbulent or vortical flows convect Into or Impinge upon a body Is 
In the recent survey of Bushnell (ref. 21). 

LAMINAR BOUNDARY LAYERS BUFFETED BY INTENSE TURBULENCE 

What happens In the boundary layers upstream of Re m ^ n ? As noted In 
connection with figure 10, there may be a great deal of activity near the wall, 
much of It dissipated at the low Reynolds number. The dominant mode of trans- 
fer remains molecular. However, the ONERA disturbance levels were relatively 
low. When the stream contains large disturbances, we run Into the problem of 
defining and describing the dominant characteristics of such flows, as dis- 
cussed earlier In the section on classification. There are many Isolated 
reports on transition, heat transfer, drag, and other overall "outputs" with 
Inadequately defined conditions. Such usually ad hoc tests are often contra- 
dictory and leave a great deal of uncertainty In their wake, primarily because 
the results are not documented In terms of mechanisms or detailed flow behav- 
ior. A valid criticism by Dyban, Eplk, and Suprun (ref. 22) states, "The 
observed augmentation of transfer processes (In a layer that remains laminar) 

Is 10 to 80 percent (four quoted references) . . . very little was published 
on the mechanism of the Interaction ..." The results of Dyban and co- 
workers, a small sample of which Is summarized In figures 11 and 12, deserve 
attention and an attempt at duplication to see whether turbulent buffeting 
would act the same way In the United States as It did In Kiev. 

Such a suggestion Is much more than a joke and deserves clarification. 
Contradictory and unconfirmed overall "outputs" (such as mean position of 
transition, average heat transfer over larger areas, drag, etc., labeled 
"macroscopic measurements" by Lester Lees) were recognized as a major block In 
the progress of transition research In 1970 by the U.S. Transition Study Group 
(currently an Informal group, chaired by Ell Reshotko). To remedy such 
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uncertainties and to avoid mlscues for further research, USTSG adopted (among 
others) guideline 4 (ref. 23): "Whenever possible, tests should Involve more 

than one facility; tests should have ranges of overlapping parameters, and 
whenever possible, experiments should have redundancy In transition measure- 
ments." In my function here as a preacher, I would paraphrase Lees: "Go 

microscopic research (seek detailed mechanisms), young man or woman!" and add, 
"In transition research, duplicating key measurements Is not a Sin, It's a 
Virtue." In 1977, I broadened (ref. 24) guideline 4 to computer research, 
whereby by "facility" we understand a theoretical model, however simplified, 
with Its computer program. A case In point Is the recent public confusion 
(ref. 25) concerning supersonic Instability, when contradictory numerical 
results went to print without Insistence on rigorous prepublication comparison 
of the two codes. 

Most careful researchers believe that "higher values of free-stream turbu- 
lence can be achieved only with Increasing Inhomogeneous distributions of 
dynamic head and turbulence across the test section" (ref. 26). On the other 
hand the Kiev group claims that It Is possible to achieve "virtually complete 
uniformity of the spatial distribution of fluctuating and average velocities 
at the test section Inlet" by the use of high-sol 1 dl ty grids - provided they 
are placed just ahead of the converging section of the wind tunnel. Hassan 
Naglb, who was originally skeptical, tells me now that the scheme has possibil- 
ities because the Immediate acceleration through the contraction may prevent 
the "anomalous" behavior of high-solidity inserts. (The pressure drop across 
hi gh-sol 1 dl ty devices is high; In fact they produce multiple jets which have a 
tendency toward random coalescence, "anomalous" nonhomogeneity, low-frequency 
Intermlttency, and spurious Intensity growth. This Is discussed on page 33 of 
reference 27, a mechanism oriented text Indispensable to researchers Into the 
effects of turbulence.) The Kiev group has approached practical high- 
turbulence research more systematically than others, and their published 
results exhibit unexpected consistency. 

The abstract In figure 11 describes adequately the six figures In the 
paper. The graphs In figure 11 convey the development of the mean profiles, 
Including their substantial thickening as compared with the Blaslus profile, 
labeled I. The measurements at the Reynolds numbers noted In figure 11 were 
achieved with hot-wire anemometers at a free-stream speed of 0.88 m/s at dis- 
tances x of 105 and 340 mm from the nose of the flat plate sketched In the 
margin of figure 12. Figure 11 suggests a considerable Increase In the slope 
at the wall at Intensities of 8 to 10 percent. In figure 1 of another paper 
In English, Dyban and Eplk (ref. 28) display measured u 1 , v 1 , and w 1 dis- 
tribution through evidently the same boundary layerat Re x = 20 000. They 
Infer that they also measured the Reynold stress uv from Blaslus n = 1.5 out- 
ward. Extrapolation to the wall yields an Increment of some 45 percent over 
the laminar value for Tu ~ 9 percent In figure 7 of reference 28; see also the 
three circles ( 1 . e . , the three data points In the curve for skin friction Cf 
In the top graph of our fig. 12). As marked In the margin of that graph, the 
authors assure us that In the buffeted layers, which they call pseudolamlnar , 
the displacement thickness remains "virtually constant." The shape factor H 
then decreases from the Blaslus value to the 1.9 plateau because the skin 
friction and momentum thickness (which they denote by 6**) grow as Tu Is 
Increased to 14 percent. (In ref. 27, they force-fit the rise In Cf and the 
Nusselt number Nu with Tu by a second-degree polynomial In Tu and go on 
to link It with eddy viscosity and other prediction formulas. The quadratic 
fit would yield a factor of 1.98 for Cf/Cf^g, which contradicts the top graph 
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In our figure 12. They arbitrarily limit the predictions to Tu ~ 14 percent, 
the beginning of the plateau In that graph.) 

The lower graph In figure 12 displays the Intensity distributions u 1 
through the boundary layer as a function of free-stream forcing u<L. They 
focus on the position of the maximum u^ ax In the boundary layer as a measure 
of the "penetration of the fluctuations" referred to In the abstract and In 
their figure 4; they feel It Is Independent of Reynolds number. However, very 
pronounced u^x greater than 8 to 10 u» In laminar layers was observed 
In the 1950's by A. Favre (personal communication) and P. Klebanoff for low 
uJL; see top of figure 14. This effect, described and referred to as the 
Klebanoff mode of fluctuations by Kendall (ref. 16), has been explained as a 
"low-frequency breathing effect"; as the quasi-static Blaslus profile shifts 
with slow thickening and thinning of the layer, the maximum au felt by a hot 
wire at a fixed height Is near 6/2. The breathing effect Is In no sense 
dynamic. The dominant contributions to the signal u^ at n = 2.5 for 
u ro = 9.69° In the lower part of figure 12 are well below 150 Hz; therefore 
the slow thickening-thinning effect probably has nonnegllglble Influence on the 
formation of the u' peak Inside the layer even at this high forcing Inten- 
sity. Some of the authors' Interpretations should therefore be accepted tempo- 
rarily with much caution. Note also that the reader Is given no u'(x) decay 
curve such as was provided by Arnal and Julllen In the lower part of figure 9. 

Dyban and Eplk (ref. 28) Infer that at Re x = 60 000 the "Initial" boundary 
layer Is turbulent. That this would be so for their lowest Tu value of 0.31 
percent would be surprising; nevertheless this Is as close as they come to the 
concept of Re m ^ n . (Nor Is there any discussion of laminar-turbulent Inter- 
mlttency, which would be difficult to Identify without a thermal tracer.) 

They call the Initially turbulent layers disturbed by external Tu pseudo- 

turbulent boundary layers and refer perturbed to the turbulent wall 

friction at their lowest u<J>. They measure u', v', w', uv, C^, and Nu and 
Interpret the results In terms of a mixing length for prediction purposes. The 
prediction range once again has to be limited to Tu < 14 percent. Their 
figure 3 for u„ = 6.85 percent at Re x = 400 000 Is particularly Interesting. 
First, u^, v^, and w<J> are within 6 percent of each other; this achievement of 
near Isotropy at these high turbulence levels lends credibility to their effort. 
Second, v' has no maximum within the layer, rising monotonlcally outward to 
Vo^; u' and v' on the other hand rise monotonlcally toward the wall, presum- 
ably to maxlmums at the edge of the sublayer, which remains Instrumentally 
unresolved. Through this account of some of the work of the Kiev group, In the 
role of an objective reporter I am calling the attention of the researchers 
starting along this road to this essentially unknown existing systematic Infor- 
mation. In my role as a preacher, I am adding the address: Prof. Evgenll 

Pavlovich Dyban and Dr. Eleanora Yakovlleva Eplk, Inst. Techn. Thermophysics, 
Ukrainian Academy of Sciences, 2a Zhelabova U1 . , 252057 Kiev, USSR, In case 
detente should break out some spring. 

LOOKING BACK 

Now that we have examined the concepts of Re m ^ n and bypasses, Identi- 
fied some of them, classified large disturbances (with special stress on the 
large mean and quasi-steady distortions of the wall or the free stream as 
creating bypass amplifiers), acquired some "feel" for their effects via graphic 
examples of such distortions from protuberances, horseshoe vortices, local 
separations, and steady and unsteady wake distortions of the stream to more 
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statistically regular turbulence, large, medium, and small, let us look at a 
few overview figures. Figures 13 and 14 provide the overall setting for our 
problem and should make us appreciate why we are up against an especially dif- 
ficult one. To understand nonunique solutions of nonlinear partial differen- 
tial equations In four Independent variables with very small coefficients of 
the highest derivatives (viscosity and heat conductivity) Is a tall order 
Indeed. Fluid dynamics of generalized Navler-Stokes equations requires us to 
make sense out of a concatenation of Interlaced singular perturbations with 
multiplicities of solutions. Instabilities represent rapidly crossed moving 
bridges between subsets of the multiplicity of solutions reachable from physi- 
cally Ill-defined Initial conditions at the entry to our open fluid systems. 

As velocity or x, and hence Re, Increase, the effective degrees of freedom 
Increase and so does the large sensitivity to Initial conditions. The solu- 
tions evolve toward "turbulence." 

Actually, It Is difficult to define turbulent solutions of the Navler- 
Stokes equations. As fluid dynamlclsts we require the presence of the four 
syndromes In figure 13 to Identify turbulent behavior. Syndrome 1, which Is 
used to define "strange attractors," Is Insufficient for our needs. An examin- 
ation question: where does a laminar boundary layer buffeted by high external 

turbulence fit here, and how can we distinguish It empirically from a turbulent 
boundary layer? The concept Is Important for design. How can we study It 
experimentally? In the real world, all laminar boundary layers are buffeted 
by decaying free-stream turbulence (which remains turbulent as long as there 
are nonlinear Interactions, as Intermittent In time and space as these may be). 
We have little difficulty with that Idea as long as transition Is downstream 
of Re cr . The real difficulty faces us near Re m ^ n . Of all the syndromes, 
only syndrome 3, diffusion far In excess of molecular mixing, can guide us. 

Some of the speculations I offered earlier were based on the assumption that 
little true turbulent mixing could go on at the scale of local 6 below 
Re m in- However, we can Imagine a large unsteady turbulent event passing by, 
say 406 In length. The temporarily thickened Re e may well exceed Re e m ^ n . 
Turbulent patches can form In ducts at Re ~ 1000, but they decay unless* Re 
exceeds 1500. In response to Intermittent large disturbances, Intermittent 
decaying turbulent spots could exist upstream of nominal Re m -j n . If so, the 
time-average heat or mass transfer would rise much more gradually through the 
nominal location of Re m ^ n . The 1.55 asymptote of the upper graph for skin 
friction In figure 10 of Dyban et al . (ref. 22) is rather reassuring. The 
growth curve through Re m ^ n may "smear" the contrast In transport behavior, 
but there should be a practically Important upper bound for that transfer rate. 

Figure 14 summarizes the processes discussed in connection with figures 9 
to 12 as they were driven by free-stream turbulence. A few extra comments are 
In order: (1) In connection with the 0NERA cases we noted that the turbulent 

vortlclty Ingested near the leading edge had Its finer scales dissipated by 
viscous wall action; the filtering was so effective that, when the TS waves 
with wavelengths of 86 and longer finally grew (fig. 8), they represented 
higher frequencies and may have been Induced across the boundary layer by 
external turbulent vortlclty, as Indicated In figure 14 by the label "at dis- 
tance." (2) TS (or equivalent) waves exist and are Induced upstream of the TS 
Re cr . Forcing motion In linearized system equations Induces homogeneous 
solutions (l.e., decaying or growing eigenfunctions) by the requirement that 
all boundary conditions be satisfied. Upstream of Re cr , the Induced TS 
response decays shortly after- Its birth. 
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The lower sketch In figure 14 adds the effects of an Isolated three- 
dimensional roughness. These we discussed In considerable detail In connection 
with figures 2 and 5. Finally we noted that In the known systems Re m ^ n < 

Re cr , except for the zero-pressure-gradient case, where Re m ^ n ~ Re cr . 

LOOKING FORWARD 

The 1984 view of paths to wall turbulence In mildly disturbed environments 
(fig. 15) can help to organize our thoughts on research Into the effects of 
large disturbances. We need to start with a conceptual framework to project 
best-bet experiments linked In a systematic way. 

Let us review the Ingredients along the paths to turbulence and consider 
how their role Is changed because of the higher disturbances. The standard 
primary linear Instabilities (TS, Gortler, and crossflow half-way up In the 
figure) still can amplify the Initially much larger vortlclty disturbances 
(e.g., the visualized nonlinear TS wave packets for Tu ~ 3.6 percent In 
figure 9 of E.M. Gates (ref. 29)). We can expect strong effects of the cen- 
trifugal Instability (of the Gb'rtler type) In the concave regions of turbine 
blades, both before and after (!) transition; see Bradshaw (ref. 30) (an 
Important reference for heat transfer estimators). 

However, the major upstream movements of transition should come from the 
quasi-steady, larger scale three-dimensional shear layers carried with the 
flow, which modify our standard base flows (l.e., our amplifier systems). 
Because the probably spotty and Intermittent regions of largest disturbance 
bring to the vicinity of the wall three-dimensional vortlclty components 
stronger than those that effect the swift secondary Instabilities In the middle 
of figure 15, we can say - with not much exaggeration - that we essentially 
begin with a broader class of discretely sprinkled, moving, fast secondary 
Instabilities. (In bypass transitions I expect to see the number In the 
sequence of Instabilities leading to turbulence cut at least by one, In com- 
parison with the standard paths of fig. 15.) But the total number of possible 
Instability paths may be larger. As discussed In the section on classification 
and Illustrated herein (e.g., fig. 8), the larger scales are likely to generate 
Instantaneous three-dimensional profiles (possibly with local separation ) sub- 
ject to Invlscld Instabilities fast enough to lead all the way to turbulence 
during the lifetime of these boundary-layer distortions. 

Such detailed unsteady behavior Is very difficult to document experiment- 
ally: Instrumental space-time resolution and adequate probe access and tra - 

versing with minimal flow Interference are major problems . In practical flow 
configurations , unless we make a heroic effort, the disturbances are likely to 
be characterized by only one or two averaged parameters and the measured 
boundary-layer profiles, and "macroscopic" outputs at the wall (even when 
measured as functions of x) are also severely averaged. Such Information Is 
therefore unlikely to lead to better understanding of the particular mechanisms 
Involved In the Increased heat transfer. Nor will the smeared Information lead 
to Inspired Ideas for Improvements In design: It does not provide enough 

linkage between true causes and the measured, averaged output. 

Such Information will also aid little In modeling and computational code 
development, for much the same reasons. As I mentioned earlier I am quite 
pessimistic about Navler-Stokes codes being able to resolve In time and space 
the clearly Important unsteady flows near leading edges such as the sample In 
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frames 4 to 6 of figure 8 or the transition In the old bypass of the blunt- 
body paradox, at least for a few decades. So, codes must use grosser modeling. 
More primitive modeling seldom leads to Improved physical Insight. For Instance, 
In an earlier talk we heard about the relative success of the Chorln vortex 
simulation of the flow downstream of a backward-facing step, aimed at one of 
the simpler cases of combustion. The Important simplifications In the model 
were two-dimensionality of the vortex filaments and neglect of viscosity - for 
the good physical reasons that the separated shear layers are subject to a 
quasi-two-dlmenslonal Invlscld instability, whether the layer Is laminar or 
turbulent. At least two aspects will have to be added to the model: the 

presence of the wall below the shear layer and at the termination of the cham- 
ber. Actually, the physical effects that those features introduce are three- 
dimensionality of the vortlclty and compressibility. The reason for the first 
Is that the shear layer Is three-dimensional ly unstable as It approaches the 
reattachment line on the wall below the layer. From my years at Martin- 
Marietta Co., I recall an experimental paper, then classified, showing spanwlse 
maximum-minimum variation of heat transfer rates In a ratio of 3 to 1 along the 
mean reattachment line. The maxlmums were dangerous for the controls on our 
maneuverable reentry vehicle, the SV5, and would be undesirable should they 
occur In the presence of combustion. George Inger refers to It In his linear 
analysis (ref. 31) of the Instability; Anatal Roshko has been interested In 
this three-dimensional 1 zatlon of reattachment flows for over two decades and 
recently has obtained some Interesting results (unpublished) that could Inspire 
better local modeling. Adding three-dimensionality of the Individual vortices 
to Chorln's model amounts to more than a slight generalization. Mostly because 
of the vortlclty source term <o • grad(v) mentioned In the section on classifi- 
cation, the task Is harder than Chorln's developments to the present form of 
the technique. 


FINAL INTERLUDE ON FREE-STREAM DISTURBANCES 

The example of the termination of the combustion chamber was chosen mostly 
to emphasize that free-stream disturbances tend to be overidentified with tur- 
bulence (l.e., vortlclty and Its Induced velocity field). It Is well known 
that, when shear flows Impinge on a rigid surface, pressure feedback Is 
directed upstream and strongly influences the Instability of the separated 
shear layer and any associated combustion. Incompressibility allows only 
Instantaneous pressure feedback, essentially the near-field acoustic behavior; 
sound (essentially the far-fleld behavior) Is not allowed and with It many 
potentially dangerous acoustic resonances common to shear layers separating 
cleanly from a solid surface. Receptivity to unsteady pressure gradients Is 
one or two orders of magnitude higher at separation lines than It Is In 
unseparated shear layers. (This Is the reason why Instabilities at Isolated 
three-dimensional excrescences such as seen In fig. 3 are easily pumped up 
acoustically - forced at distances across streamlines. For xj< past Re cr , 
transition can thereby be moved substantially upstream.) Realistic prediction 
codes and diagnostics of free-stream disturbances should allow for such feed- 
back and resonant coupling. 

The Chorln model was used only to Illustrate the fact that simplified 
codes quite generally will not be able to simulate satisfactorily this or that 
mechanism of Importance In our transition phenomena. Codes therefore will not 
be generally able to guide the experiments. 
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Returning to large free-stream disturbances, the preceding discussion 
Indicates that their theoretical and experimental definition must Include 
unsteady pressure gradients: hydrodynamic (near-field acoustic) and acoustic 

(far field). The unsteady Input disturbances (A.C.) In figure 15 for llnear- 
Izable amplitudes Include entropy disturbances (l.e., density-temperature non- 
homogenltles (with negligible ap) convected with the fluid). Such moving 
entropy nonhomogenltles can Induce TS waves at supersonic speeds, but the 
strength of the effect has not been Investigated. It has been assumed to be 
of secondary Importance. This Is unlikely to be warranted when cooling ele- 
ments or combustion are present. On the other hand, the unsteady pressure 
field (sound) generated by turbulent boundary layers on the side walls Is known 
to be so strong and effective at supersonic speeds that It spoils most studies 
of transition In wind tunnels from Mach 1.5 to 6 or 7; the transition modes 
that would be present In free flight are bypassed and preempted by the sound 
forcing. 

Ideally, to classify a large free-stream disturbance, we would like to 
distinguish Its steady or moving coherent features from the more homogeneous 
turbulent background (such as explored by Dyban's Kiev group (refs. 22 and 28)) 
The first task would then be to Identify the stronger, more regular features 
such as moving shock waves, quasl-two-dimenslonal wakes from upstream obstacles 
free concentrated vortices, and swirl. This requires good understanding of the 
flow prehistory; such knowledge would then guide subtle diagnostics with two 
probes, one of which must be traversing within the Inlet plane. 

The same Instrumentation can provide estimates of near-field pressures and 
far-fleld acoustic fields. The coherent velocity amplitude of each spectral 
peak correlated across the Inlet plane or test section yields the acoustic 
field. For nearly plane far-fleld waves the pressure fluctuation Is equal to 
pa times the normal velocity fluctuations, where p and a are the local 
mean density and speed of sound, respectively. Few researchers recognize to 
what extent the low-frequency end of the velocity spectrum measured at the 
Inlet of their test section Is actually driven by near-field pressure fluctua- 
tions (also called pseudosound). From experience I would guess for Instance 
that more than 50 percent of the very low-frequency contribution to the meas- 
ured u'/U e "sans grille" In the Inset of figure 9 comes from such pressure 
fluctuations, which are given very nearly by pU e u'. This Is a linearized 
Bernoulli relation for u' fields correlated across the Inlet plane. Since the 
low frequencies correspond to acoustic wavelengths that are far longer than the 
test section, the sources of the near-field pressure (usually random-like and 
broadband) can be quite distant. Some of these disturbances come from down- 
stream, as, for example, the low-frequency part of the pressure feedback men- 
tioned earlier (refs. 32 and 33). The role of relatively large, low-frequency 
pressure fluctuations In the transition process Is not clear, but there Is some 
Indirect evidence that they contribute to receptivity, especially In the pres- 
ence of small distributed roughness. They and the acoustic disturbances should 
be added to the top of figure 14 as additional receptivity paths. Their tempo- 
ral Irregularity evidently modulates the time development of whatever Instabil- 
ities do arise, forcing random characteristics upon the primary and higher 
modes long before there Is turbulence of the shear layer Itself. 

Ideally, after Identifying the contributions from swirl, shock waves, 
wakes, and free vortices as well as from the acoustic and near-field fluctua- 
tions, we should be able to subtract them In the square from total fluctuation 
signals and to obtain the residual free-stream turbulences, provided that there 


178 



were no significant entropy fluctuations. If there Is upstream cooling or 
combustion, additional probes for measurements of temperature fluctuations will 
be needed. Should the residual turbulent and entropy fluctuations turn out to 
be quite uniformly distributed over the Inlet section, that would be an Indi- 
cation of the consistency of the decomposition process. When we Include spec- 
tral and correlation characteristics relevant to the transition process, the 
number of free-stream parameters will generally exceed 5 and could run past 10 
for more complex flows. Also there will be nonnegliglble uncertainty concern- 
ing each parameter. 

It should be fairly clear that after such Ideally effective measurements 
we still would have difficulties relating the Input parameters to the output 
measurements, even If we (still more Ideally) could vary the free-stream para- 
meters rather freely In our experiments. We need only to reflect on the les- 
sons from the orders-of-magnltude simpler example of figure 9, where the low-Tu 
conditions Induced an earlier transition. (A third condition with stronger 
grid-turbulence did not resolve the puzzle.) 

REPRISE 

From the preceding exercise It appears that a frontal approach to practi- 
cal flow configurations Is likely to run Into severe difficulties In defining 
experimentally the requisite environmental parameters on one hand and In Inter- 
preting meaningfully the "output measurements" on the other. Yet, as In all 
research directed at specific applications, there will be strong pressures to 
look at the "real thing." A preacher Is expected to evoke the path to right- 
eousness, even when he Is Ignorant of "practical life." So perhaps I may be 
permitted to give my insufficiently Informed views. My experimental bias would 
be to strive first to establish a qualitative framework of understanding by 
clarifying Individually as many Important mechanisms and Interaction patterns 
as can be anticipated. As we have seen, key elements In the Interactions are 
likely to be Isolated wakes and vortices coming from different angles toward 
the leading edges (blunt, slender, and sharp). For strong disturbances the 
main action of Interest should take place from just upstream of the leading 
edge to past Re m ^ n , perhaps to Re cr . Access, transverslng of the veloc- 
ity and thermal fields, and visibility (If possible) In these regions are 
Important. Broadly speaking we could proceed In the spirit of figures 5 and 6 
of Hodson and Naglb (ref. 14) to generalize their Insight systematically to as 
many separate geometrical variants as the Ingredients In practical configura- 
tions would suggest. Each conceptual experiment would have a small number of 
controlling parameters so that connections between cause and effect could be 
made with some confidence. 

Such simplification and conceptualization Is more likely to lead to 
Improvements In codes and design: It more frequently Inspires "cures" should 

particularly detrimental conditions be Identified (such as local separation). 

It was such a simplified wind tunnel test that Identified and developed a cure 
for the dangerous bypass on sweptback aircraft (turbulence contamination from 
the fuselage juncture to the attachment layer on the leading edge of the wing 
(ref. 34) - see the section Flows with Known Re e m ^ n and Re cr ). "Practical" 
flight tests had failed to Improve the poor performance. We note that the 
experiments of Dyban et al. (refs. 22 and 28) are also simplified In that they 
strove to make the large turbulence homogeneous and nearly Isotropic, so that 
the relevant parameters were reduced to Tu and the velocity spectrum. (In 
any recheck of their results attention to the role of the leading edge would 
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be desirable: measurements just upstream and just downstream, with at least 

one variant from their sharp edge, to clarify the restructuring of the field 
and possible local separation In the presence of the large fluctuation normal 
to the edge.) 

From the simpler experiments we could proceed to compound problems, such 
as combination of wakes approaching bodies with Increased free-stream turbu- 
lence (homogeneous Tu outside the wakes) to assess the effects of "super- 
position." The compounding would of course aim at approximating progressively 
the suspected structure of the environment In key practical configurations. 

The problem of the "scrubbing" heat transfer at junctures and hubs of blades, 
where boundary layers (with local separation) on two walls Interact, can be 
approached In a similar conceptual manner. Any time there Is a mean velocity 
component along the leading edge of a blade, a counterpart of the strong con- 
tamination bypass encountered on sweptback wings (ref. 34) becomes a potential 
danger. (Away from the attachment line lateral contamination Influences a 
substantially smaller domain, limited by the spreading angle of the order of 
10° from the local potential streamline at the edge of the boundary layer.) 

As we commented In connection with the visualization figures, to start 
with low Reynolds numbers has many experimental and conceptual advantages, In 
particular space-time resolution and visibility. In experiments at the 
prototype Reynolds numbers with large disturbances, the transition phenomena 
that we seek to understand will occur at low Reynolds numbers based on the 
distance from the leading edge, anyway, but on spatial and temporal scales that 
are much harder to resolve. I think I am beginning to repeat myself and the 
obvious as well. In fact, many of the attitudes I am preaching are evident In 
the papers on NASA Lewis research In progress, In particular those of Jim 
VanFossen and Barbara Brigham. So I can quit preaching with the sense that the 
flock knows the way to the Promised Land. Nevertheless, let me remind you In 
parting to heed the wisdom of the four guidelines for transition research on 
page 345 of Ell Resotko's review (ref. 23). 
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Top view of flat plate 




Streamlined hemisphere 

(a) Blasius boundary layer. 

(b) Accelerating boundary layer. 

Figure 1. - Growth of turbulent wedges in relation to critical Reynolds number Re cr for growth 
of infinitesimal disturbances in a Blasius and an accelerating boundary layer. 
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(a) Top view. (b) Side view. (c) Rear view. 

Figure 2. - Schematic of features in second steady stage of flows around cylindrical protuberances, 
as visualized by Gregory and Walker (ref. 12). 
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Figure 3. - Schematic of periodic hairpin-vortex formation downstream of hemisphere protuberance, 
as visualized by C.R. Smith for Re^ in range 450 to 550. At the wake edges these vortices 
interact with the two arms of a counterrotating horseshoe vortex wrapped around the front of the 
hemisphere (not shown). 





(a) Laminar wake: lie = 7 ft/sec; k = 0.188 in; 6 = 0.3 in; Re k = 610. 

(b) Periodic disturbances: U^> = 9.5 ft/sec; k = 0.188 in; 3 = 0.25 in; Re k = 890. 

(c) Turbulent wedge forming near cylinder: LU = 18.3 ft/sec; k = 0.188 in; 6 = 0.18 in; 

Re k = 1800. 

Figure 4. - Smoke visualization of vorticity rearrangement at fixed cylinder that protrudes into 
thinning boundary layer as external speed increases. (From ref. 13.) 
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(a) Horseshoe system oscillation beginning: k = 0.375 in; 6 = 0.18 in; Re^ = 3600. 

(b) Horseshoe system oscillating strongly: k = 0.5 in; 6 = 0.18 in; Re^ = 4800. 

(c) Horseshoe system turbulent upstream of trip: k = 1.0 in; 6 = 0.18 in; Re^ = 9600. 

Figure 5. - Smoke visualization (at fixed external speed) of new instabilities in boundary layer 
distorted by cylinders with k = D, as these protrude further outward. Uoo = 18.3 ft/sec. 

(From ref. 13.) 




Figure 6. - Schematic of vortex flow module proposed for augmentation of heat transfer from bluff 
bodies. 
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(a) Re d = 30; Re D = 1040; Ax/d = 111; d = 0.027 in; D = 0.935 in. 

(b) Re d = 365; Re D = 2730; Ax/d =32; d = 0.125 in; D = 0.935 in. 

Figure 7. - Side-view dye visualization of single wake impinging on rectangular cylinder at Re d 
of 30 and 365. (From ref. 14.) 
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Characteristics of the Laminar 
Boundary Layer in the Presence of 
Elevated Free-Stream Turbulence 


YE.P. DYBAN, E.YA. EPIK AND T.T. SUPRUN 

The behavior of the laminar boundary layer was 
observed at free-stream turbulence of 0.3 to 25. 2%. 

The increases in the boundary layer thickness, in the 
tangential stress at the wall, and in the momentum 
thickness with increase in turbulence are estimated. 

It is shown that the depth to which the fluctuations 
penetrate into the boundary layer does not depend on 
the turbulence but only on the Reynolds number. Ibe 
perturbation peak in the layer are highest at free- 
stream turbulence of the order of 4. 5%. The longi- 
tudinal scale of turbulence increases monotonically 
toward the outer edge of the layer, while its spectral 
distributions exhibit low (less than 300 Hz) frequencies. 
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Fig. 1. Velocity distribution in the laminar boundary 
layer. 

. - Abstract and mean laminar boundary-layer profiles in presence of increasing free 
turbulence. (From ref. 22.) 
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Figure 12. - Variation of skin friction ratio, shape factor, and u' fluctuation profiles in a 
laminar boundary layer as free-stream turbulence increases. (From ref. 22.) 
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REPORT OF GROUP 1 


Robert P. Dring 

United Technologies Research Corporation 
East Hartford, Connecticut 06108 


By way of introduction, figure 1 illustrates an important feature of the 
flow conditions inside turbines: it diagrams the velocity as it leaves the 

stator and enters the rotor. The absolute flow speed minus the rotor wheel 
speed gives the rotor incident relative velocity. Group 1 focused primarily 
on upstream wakes and disturbances and their effect on transition. The wake 
of the first vane, if we assume that the flow is collateral, which it is not, 
is in the same direction as the potential flow, but retarded. Subtracting the 
wheel speed from the wake flow in the rotating frame of reference gives the 
wake relative velocity. It is obviously not of the same magnitude, and more 
importantly it is not in the same direction, as the potential flow. Most 
notably it has a component normal to the potential flow around it, and that 
component causes the stator wakes in the rotor passage to move preferentially 
toward the rotor suction surface. These stator wakes pile up on the suction 
surface in a complex nonlinear pattern. From this introduction to upstream 
wake disturbances working group 1 put together the following results, conclu- 
sions, observations, and suggestions. 

We suggest a "building block" approach to the physics. The building block 
approach is a series of concurrent experiments focused on specific mechanisms, 
not a series of programs or experiments to be run in series. These concurrent 
experiments are directed at specific physical phenomena. Each should have some 
positive effect on our understanding and ultimately on the design process. 

Our second suggestion relates to the fact that we are basically talking 
about unsteady flow: unsteadiness in static pressure, velocity, and turbu- 

lence. This unsteadiness can be random or it can be periodic, particularly as 
it relates to blade passing effects. We need to know in considerable detail 
about the intensity and scale of these random periodic disturbances because the 
length scale will vary by orders of magnitude. Much of the periodic distur- 
bance will be at a length scale typical of the airfoil pitch, which is 1000 
times the boundary-layer thickness and probably not relevant in terms of a 
turbulence effect. We need to characterize the inlet conditions to all the 
airfoil rows. The characterization probably needs to include spatial and 
temporal details. 

Although we were concerned mostly with unsteady effects, the steady flow 
is not well understood either. So, attention needs to be committed to steady 
two-dimensional transitional work. Evidence of this is the results presented 
by Ray Gaugler at this symposium. We believe that both aerodynamic and heat 
transfer results are needed. Heat transfer results alone are insufficient. 

We need to understand what is happening in the boundary layers. Boundary-layer 
measurements require thick boundary layers, which dictates the scale of the 
experiments. The transition process must be investigated both for the velocity 
boundary layer and a thermal boundary layer. 
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Our group suggests that the required facilities be identified. Are there 
physics that need to be studied that are not compatible with existing facili- 
ties? New large-scale facilities are required for the study of unsteady and 
periodic effects to enable measurements that are useful to the analytical 
community. 

We also recommend "certified experiments" to avoid trying to match data 
that may not be worth matching. Something similar to the 1968 Stanford 
boundary-layer conference is needed in which the conditions of the analysis 
are matched to the experiment. We recommend that a selective set of two- 
dimensional, steady-flow certified experiments be executed in a parallel 
schedule. The experiments should probably include what we would generically 
call flat plates, which includes curved ducts. Certified experiments should 
also be done on the airfoil. In the first experiments film-cooling conditions 
should be avoided because of the flow and mass addition complexities. The 
leading-edge and flow-turning conditions will be sufficiently complex in this 
set of experiments. Film-cooling interactions will have to be addressed later. 

Experiments should be devised to investigate turbine inlet conditions. 
Combustor exit conditions should be simulated in both hot and cold experiments. 
The flow simulation should include both spatial and temporal scales and the 
nonhomogenity and intermittency of the combustor exit. We need a good space- 
time resolution of what the combustor is producing. The difficulty of making 
measurements in hot experiments should not preclude doing cold experiments. 

The simulation of the combustor exit should be reproducible and representative. 
However, strong feeling were expressed against spending a lot of time trying to 
make turbulence-generating devices that simulate in great detail what is hap- 
pening in a combustor downstream of the blade row. 

Another category of two-dimensional experiments is unsteady flow, includ- 
ing nonperiodic disturbances such as wake transport and wake accumulation. The 
transport of wakes across the blade-to-blade passage and their accumulation on 
the suction surface need to be simulated carefully. The initial effort should 
be with flat plates, but later the complexities of airfoils should be included 
in the experiments. It is recognized that several efforts are under way to 
simulate wake behavior experimentally. The real point here is that the dynam- 
ics of these wakes has to be simulated properly. The study of wake migration 
will require rotating-rig testing, which is by nature three dimensional and 
involves large-scale, slow-speed facilities or full-scale engines. However, 
the excessive cost and complexity of engine-scale testing make other approaches 
more likely, such as transient testing in shock tubes and the blowdown type of 
engine-scale testing. 

Finally, we recommend that experiments be devoted to the effects of mass 
addition and film cooling, ultimately in a research plan. The group also con- 
sidered surface roughness, three-dimensional end-wall effects, feedback of 
downstream disturbances on boundary layers, and free-stream flows. They should 
receive serious consideration in future planning. 
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Stator 



Figure 1. - Stator wake accumulation on rotor suction surface. 
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REPORT OF GROUP 2 


Helen L. Reed 
Stanford University 
Stanford, California 94305 


Group 2 was concerned with transition prediction models and subsequent 
code development and verification. The objective was to predict the maximum 
loading and heat transfer rate on turbine blades. It was pointed out at the 
beginning of the session that the internal flows through a turbine are 
extremely sensitive to the environment. If you miss predicting heat transfer 
by as much as 25 percent, you can be off by an order of magnitude on the life 
of a turbine blade. So it is extremely important to predict turbine metal 
temperatures accurately. 

Although a computational modeler would want to examine flows involving 
vanes, blades (unsteady effects), end walls (three-dimensional effects), and 
ducts, we were mainly concerned with identifying which parts of the turbine 
would be the most interesting to work on. We decided that the vane would be 
the place to begin the computation because the first vane is somewhat separated 
from its upstream neighbors. The rotor blade row should be analyzed next. 
Unsteady flow effects and wake disturbances will have to be considered. Pre- 
dicting these effects is beyond our current capability, but we hope to be able 
to do so within 5 years. The flow through vanes or blades can be approximated 
as two dimensional at the midspan. However, at the tip or root the flow is 
definitely three dimensional. Thus the three-dimensional effect of the end 
wall is an important topic. 

Duct flows were mentioned as an important category of flows warranting an 
effort in computational modeling. It was suggested that duct flow might be a 
logical place to examine methods for including transition prediction. Rough- 
ness could be one of the several parameters to be examined in duct flow. 

The next topic we identified was the free-stream environment. From ear- 
lier presentations most experiments seem to be done at turbulence levels of 1 
to 10 percent. In the real engine environment turbulence levels are 10 to 20 
percent. Consequently there is a big discrepancy between what happens in real 
life and the data that seem to be available to use in verification. However, 
we can still use the lower turbulence results as a guide for code verification 
and try to extrapolate to the higher turbulence levels. We recommend experi- 
ments at the higher turbulence levels. 

What transition prediction models are available? Where do we want to go? 
The only accurate way to predict transition is to do a full Navier-Stokes sim- 
ulation. The large eddy simulations (LES) are closest to full Navier-Stokes 
simulations. This type of analysis is being done at NASA Ames, NASA Langley, 
and Stanford University. It is a very promising technique. Also available are 
empirical models - the mixing length models. A popular model used in predict- 
ing two-dimensional flow and turbulence is the McDonald-Fish model. It was the 
feeling of the group that no empirical transition method will be general enough 
to apply to a range of flow conditions. Only the full Navier-Stokes simulation 
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will be a general method. Chorin's random vortex method was included as a pos- 
sible analytical approach to representing transition. In this method vorticity 
is released at a discrete point to simulate turbulence. Group 2 recommends 
pursuing the Navier-Stokes simulation and the large eddy simulation as the best 
approaches to predicting transition. 

The next recommendation pertains to the difference between the hydrody- 
namic and thermal boundary layers in the transition process. The thermal 
boundary layer develops much more slowly than the hydrodynamic boundary layer. 
If the energy equation contains a model of the v' - t 1 turbulence terms, the 
solution to this equation might serve as an interim prediction of transition. 

It was pointed out that the most success with these simple models has been with 
those that involve variable Prandtl numbers through the transition region. 

Such a simplified model would be most applicable to the transition process on 
the suction side of the blade. The pressure side of a turbine blade has con- 
cave curvature and of Gortler vortices, which are complex and therefore diffi- 
cult to model and analyze. It was suggested that a Gortler vortex model be 
developed for the concave curvature region of the turbine blade. Such a model 
would be helpful in predicting heat transfer and transition. 

Group 2 has a wish list of effects to be incorporated in transition pre- 
diction models. These are not listed in any order since we could not decide 
which would be the most important. The list includes free-stream turbulence, 
roughness on the surface of the blade or vane, curvature, pressure gradient, 
and surface temperature. In developing the computational models we recommend 
starting with a steady mean-flow model and working toward the unsteady problem. 
Our group strongly recommends that a research emphasis be put on defining the 
physics of the transition problem. For example, the large eddy simulation is 
a promising approach, but it has periodic boundary conditions that makes it 
extremely difficult to execute the analysis. Appreciable effort has to be 
devoted to defining the physics realistically and properly. 

The next thing we discussed was the numerics themselves. The effort 
should be directed toward a Navier-Stokes solver. At present, the large eddy 
simulation and the spectral methods are in common usage. We recommend that 
subgrid-scale modeling be developed to capture all of the small-length scales 
in the problem. Currently in a transition calculation the large eddy sim- 
ulation models break down because the flow loses kinetic energy and the flow 
structure dissipates into small-scale turbulence. The resolution of the 
numerics problem of the small scale depends on the size of the computer avail- 
able and funding support to operate the computer in flow modeling. The group 
recommends that the Lewis Cray-lS be made available to outside investigators 
during off-peak hours. 

The last issue we discussed was validation of computational codes. In 
agreement with the group 1 we recommend that all transition boundary-layer data 
be compiled on magnetic tape and be available in a document listing. The data 
need to be certified as to validity and accuracy. Certification is a large 
effort, but we feel it is important in correctly modeling transition. If 
existing data cannot be certified in the immediate future, we suggest that a 
list of the data sources be compiled and made available to transition research- 
ers so that they can evaluate it. In designing and executing future verifica- 
tion experiments the free-stream conditions must be totally documented. The 
intensity of the turbulence in the free stream, the scale, and the frequency 
spectrum of flow disturbances must be a part of the documentation. Turbulence 


210 



profiles should be provided if at all possible. It would be highly desirable 
if a sampling of data could be taken when the actual transition phenomenon 
occurs so that an analytical model of transition could be verified. For all 
operating conditions the mean velocity profiles and heat transfer should be a 
part of the data set. Skin friction data would also be useful. In predicting 
transition for external aerodynamics, small-disturbance theory is employed. 

The so-called e n theory has been the most successful in predicting this 
type of transition. The trick seems to lie in predicting the exponent, which 
is somewhat like throwing dice. Transition depends on so many parameters that 
it is difficult to prescribe what information should be inserted into the 
correlation. 
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REPORT OF GROUP 3 


William S. Saric 
Arizona State University 
Tempe, Arizona 85281 


Much of our presentation repeats material from the previous two presenta- 
tions. Group 3 was concerned with experimental techniques. I will first 
describe what we interpreted as the experimental base required for predicting 
transition and then describe existing measurement techniques. Finally, I will 
comment on new experimental techniques and how to expand present techniques. 

The reports from groups 1 and 2 have highlighted the complicated flows that we 
should be aware of. Group 3 concentrated not on the details of those compli- 
cated flows but rather on the transition prediction itself, keeping in mind the 
requirements of the receptivity problem of group 1 and the computational prob- 
lems of group 2. I think the general consensus of groups 1 and 2 as well is 
that mean flow measurements by themselves will only produce facility-dependent 
data. Although these are useful measurements, other information is needed to 
solve the real problem. The ideal set of data must include the pressure and 
velocity distributions in the mean flow, the background disturbance level, and 
boundary-layer information. The background disturbance level must be distin- 
guished from fluid turbulence and from acoustic signals or pressure fluctua- 
tions. Acoustic signals can be correlated over the entire geometry. Flow 
unsteadiness in a blade row may be correlated over a chord but not necessarily 
over boundary-layer thickness. The transition 

characteristics will depend a great deal on how upstream disturbances are bro- 
ken up into turbulence or pressure fluctuations. To distinguish turbulence 
from pressure fluctuations, the spectra must be carefully measured. Detailed 
measurements in the boundary layer must also include the phase in addition to 
the amplitude. Phase-correlated measurements between the background and the 
boundary layer are highly desirable. A measurement of streamwise vorticity 
would be a major contributor to understanding the nature of the background. 
Information on vorticity would lead to an understanding of the scales involved, 
particularly the spanwise scales of the oncoming turbulent flow. An under- 
standing of scale within the boundary layer is also important - in particular 
spanwise scale. It has been my experience that spanwise scales are as impor- 
tant or more important than chordwise scales. Multiple hot wires can be 
employed in making simultaneous measurements of phase and amplitude. Spanwise 
measurements are essential because simple two-dimensional measurements do not 
reveal the three-dimensional characteristic of transition. In addition to the 
boundary-layer measurements, wall measurements incorporating high-frequency 
surface gauges and skin friction heat transfer gauges are essential. Coupling 
of the boundary-layer measurements with the wall measurements is needed in 
determining transition. 

Several state-of-the-art types of instrumentation not necessarily used 
today in transition and turbine research, can be employed in free-stream, 
boundary-layer, and wall measurements (table I). Laser Doppler systems and hot 
wires provide the basic state of the free stream. The laser Doppler system 
coupled to a computer can generate large-scale maps of flow fields in both 
free-stream and boundary-layer applications. For measurements near a wall, hot 
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film or heat transfer gauges are commercially available. Miniature skin fric- 
tion balances have not been developed for use in turbomachinery. Microphones 
will record small pressure disturbances. For turbine or shock tube experimen- 
tation the response range for film gauges must be of the order of megahertz, 
which is beyond the range of most commercially available film gauges. The 
gauges are generally small enough to allow spatial resolution of the order of 
50 mils. Flow visualization methods such as thermal-sensitive paints and liq- 
uid crystals can give local heat transfer information. At low temperature a 
useful heat transfer measurement method is the sublimation of a material such 
as naphthalene. 

Group 3 suggests a hierarchy of experimental facilities (fig. 1) that 
would employ these instrumentation and experimental techniques. At the top is 
the aircraft engine and at the bottom is the basic research facility. In 
between are cascade and low-speed rotating facilities. The facilities that 
would be apt to supply transition data are marked with a capital "T." In gen- 
eral, most of these facilities can provide high-turbulence flow conditions, but 
the same kinds of instrumentation cannot be employed throughout this hierarchy 
of facilities. 

The question arises as to how closely each facility simulates conditions. 
The degree of approximation is difficult to evaluate. The greater instrumen- 
tation capability is associated with tests that do not include the real thermal 
conditions. Consequently a better documentation of the free-stream environment 
is a difficult challenge. Group 3 was unable to suggest any new type of facil- 
ity that could be used to address this issue. However, given the present hier- 
archy of facilities there appears to be much that can be done with the existing 
system that would provide important input to the transition problem. Existing 
experimental facilities should be better utilized to make more detailed meas- 
urements. This places a major responsibility on the sponsor of this confer- 
ence, NASA Lewis, and others to devote more time and resources to the 
encouragement of researchers throughout the hierarchy to pursue basic measure- 
ments that document the nature of turbulence and the unsteady conditions that 
exist. Spanwise scales are important data that come out of two-point measure- 
ments. One of the strongest recommendations offered by group 1 and also by 
group 2 is the documentation of the free-stream environment. Even with a 
Navier-Stokes solver, the initial conditions are needed to start the 
calculation. 

The basic recommendation is for a large data base of engine conditions. 

The generation of such a data base will require widespread participation 
throughout the industry. There should be a prearranged agreement regarding the 
content of the data base and how the data are to be obtained in order to 
"certify" the information. Care must be exercised in specifying the experi- 
mental conditions so that the results are not influenced by the test facility. 
This requirement has been alluded to in previous discussions during this sym- 
posium. All experiments in this area should be independent of the facility 
being employed. With existing instrumentation and facilities much can be done 
to investigate the boundary layer and the free stream. I mean this also as 
self-criticism. I have not documented the transition environment as carefully 
as I should in my own experiments. However, careful documentation is certainly 
possible, and again this is where the understanding of the sponsor comes in. 

The sponsor must take the time and have the courage to reject any more trash 
in the literature. Efforts must be begun to measure three-dimensional compo- 
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nents in as much detail and spatial resolution as possible with existing tech- 
niques. But what about new instrumentation requirements? There is need for a 
pressure gauge that will operate beyond 5 kHz in high temperatures. It will 
have to be a cooled probe, 50 mils in diameter, with a liquid-nitrogen channel 
fed in through it and everything kept under isothermal conditions. This probe 
will be difficult to build. The streamwise vorticity measurement is also con- 
sidered important. We need to find out what is happening in the real systems 
to use as feedback to the transition problem. We still need to establish a 
large data base for real engine systems. 

Different measurements can be made in three categories of facilities with- 
out really pushing the state of the art and at the same time contributing basic 
understanding to the general problem. In turbines there is no reason why one 
cannot get all of the mean flow measurements that exist as well as the ampli- 
tudes of the fluctuating components. Phase information may not be feasible, 
but at least the amplitudes of fluctuations will give some idea of the spatial 
nature of these variables. In large, low-speed simulators we can examine the 
fluctuating components; the amplitude spectra, scales, and heat flux will pro- 
vide information on transition. 

Our group spent some time discussing what information is needed to discern 
transition. A single-point fluctuating component is not necessarily an indi- 
cator of transition. Other gross features such as average heat flux may be 
more meaningful. Multiple hot wires are being developed to measure average 
heat flux. Some instrument research is in progress on the use of the laser 
Doppler for measuring vorticity. With the laser system the major obstacle is 
the size of the sampling volume. Another possibility in instrumentation is 
field imagery, which is an image of the entire flow field. Currently friction 
or heat transfer gauges that have a high dynamic response are used. With small 
gauges it is possible to place many of them on the flow surfaces. Coupling 
their outputs and dynamic flow measurements to a computer will provide infor- 
mation that can be used to estimate the scale of phenomena happening at the 
wall. 


A new technique of field imagery is laser speckle velocimetry. Using this 
technique in conjunction with a large computer makes thousands of data points 
available from a single measurement. Cinematography is still another technique 
with potential for field imagery. Motion pictures of schlieren images can 
yield temporal and spatial scales of some of the behavior taking place in the 
flow, and this is certainly one area that can be developed. A spanwise scalo- 
meter would be a device to ascertain spatial scales in the flow more or less 
instantaneously. 

Our group discussed the required accuracy of the suggested instrumenta- 
tion. This symposium gave no clues regarding the accuracy needed to specify 
transition, so accuracy requirements remain an open question. Group 3 also 
wondered when and if transition will become a higher order element in design 
practice. Perhaps when we understand more about transition, we will be able 
to eliminate some of the uncertainty that it poses in design practice. How- 
ever, at this point it is a major factor. Accuracy requirements for transition 
measurements should be addressed. 
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TABLE I. - INSTRUMENTATION FOR FLUCTUATIONS 
AND DYNAMIC TRANSITIONS 


Measurement 

Instrument 

Free stream 

Laser Doppler veloclmeter 
(need high u ' ; no phase) 
Hot wire 

Boundary layer 

Laser Doppler veloclmeter 
Hot wire (limit on number 
of wires) 

Smoke wire (low velocity) 

Wall 

Film gauge (10 kHz - 0.1 MHz) 
Piezofilm (under development) 
Pressure (microphone) 



Figure 1. - Hierarchy of experimental facilities, where T denotes the ability to measure transition. 
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DISCUSSION PERIOD FOLLOWING 


GROUP PRESENTATIONS 

This session of the symposium was chaired by Eli Reshotko. He reminded 
the audience that the three groups who reported addressed different issues. 

The first was concerned with the effects of upstream conditions, wake distur- 
bances, combustion, etc., on turbine entrance conditions. The second addressed 
analytic and computational techniques to predict turbine flow and heat trans- 
fer. The third group examined measurement techniques and discussed the types 
of measurements that must be made. The moderator asked the audience to address 
their questions to the appropriate group. 

The first comment came from Mark Morkovin, who in commenting on the first 
group emphasized that the turbine environment is an accumulative result of 
upstream, large-amplitude disturbances and consequently is quite different from 
the conditions of low-amplitude disturbances treated in gas dynamics 
applications. 

John Adame zyk of NASA Lewis pointed out the challenge of representing 
multistage flow effects in a computer code. The computer storage necessary to 
represent the Reynolds-averaged Navier-Stokes equation far exceeds the capacity 
of existing computers. The closure problem for a multistage machine that com- 
prehends the variance in the flow from blade row to blade row must be 
addressed. Data are needed to help formulate such a closure model. 

Bryan Roberts concurred with Adamczyk's comments on multistaging. In 
designing a multistage machine, it is important to match the first blade rows 
in order to avoid a progression of mismatches that carry through the machine. 
Robert concluded his commentary by asking for greater definition of the kind 
of flow experiment needed to test analytical methods. 

Helen Reed of Stanford responded by suggesting that the experiment should 
be designed with a controlled free-stream disturbance that can be easily 
identified. The initial and boundary conditions must be easily specified. 

Ron York of Allison commented that little is known on how to specify 
transition in an experiment. A time-averaged concept of transition as some 
average between the laminar and turbulent states is not adequate. Perhaps the 
emphasis ought to be on a detailed measurement of how turbulence develops and 
the associated production and dissipation processes. 

Henry Nagamatsu supported York's comment about time averaging being 
inadequate. He advocated use of thin film gauges to obtain instantaneous 
measurements in the transition zone. Experience in the shock tube has shown 
their rapid response (1 ysec). 

Eli Reshotko injected a call for greater understanding of the laminar or 
turbulent boundary layers preceding and following the transition zone. They 
differ from the classical ones described in texts. 

Mark Morkovin cautioned that a concept of turbulent spots that is based 
on a water table visualization may not be a valid model of turbulent production 
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in a highly disturbed environment. The process of transitioning a buffeted 
laminar boundary layer to a fully turbulent condition is going to be more com- 
plicated in a highly disturbed environment than in the more familiar quiescent 
environment. The potential interaction of the spots has not been investigated. 

Reshotko requested that some discussion be focused more directly on 
instrumentation and. measurement techniques. 

Bryan Roberts led off by commenting on the way aircraft turbine engines 
are maintained in overhaul service. Rather crude methods for reshaping the 
blades and little apparent effort to regroup the blades on a turbine disk or a 
compressor wheel are evident. This shocking practice makes one wonder about 
accuracy in research measurement. 

Gordon Pickett of Pratt & Whitney asked Group 3 to comment on the use of 
LDV methods for making measurements within the boundary layer. Do we need to 
start with large-scale models to get these data? 

Anthony Strazisar of Lewis answered that it may be very difficult to 
measure the transitional boundary layer with LDV even on large-scale blades 
(chord of 1 ft). The LDV anemometer has a lower size limit. 

Bill Saric of Arizona State added that if the tests could be done in 
large-scale simulators, LDV techniques in the boundary-layer measurements would 
probably work. Disturbances of 10 to 20 percent would probably be detectable. 

The question was raised as to whether there is a substantial research 
effort toward accommodating LDV to high-speed conditions and the scale of real 
engines. 

Nagamatsu cited some experience he had in the early 1970's in which LDV 
was successfully employed in supersonic jet research at modest scales. 

Tony Strazisar responded to the question by stating in encouraging terms 
that the LDV technology for smaller scale measurements is near at hand. Sup- 
port of instrumentation research is critical at this time. NASA-sponsored 
research at Penn State is currently able to demonstrate measurements in bound- 
ary layers that are about 1/10 in thick. Advancing this technique will require 
the persistent pushing of those who want it. 

Nagamatsu commented that thin film gauges may be the preferred instrumen- 
tation for detecting transition, especially transient, intermittent phenomena. 
Following the trace particles in an LDV system may prove to be very difficult. 

Bill Saric pointed out that flow field measurements are needed in addition 
to wall or boundary-layer measurements. The laser systems are capable of mak- 
ing field measurements. However, it is necessary to correlate the field and 
wall measurements. 

Eli Reshotko asked for comments on the availability of multicomponent 
laser-measuring systems and two-point measurements. 

Strazisar responded that two- and three-dimensional systems do exist. 

Such systems result in a larger measuring volume. These multidimensional sys- 
tems have not reached the point of being applicable to boundary-layer investi- 
gations. Two-point laser measurements cannot be correlated in the manner of 


218 



hot-wire signals. One method would be to generate two probe volumes, but this 
raises problems of coincidence of measuring the same particle in each volume. 

Reshotko introduced the question of scale measurements with LDV systems. 
The coincidence problem affects the determination of scale especially since 
scale can be in both the spanwise and longitudinal directions. It is not 
apparent whether the laser instrumentation can be used to determine scale. 

As the discussion grew to a close, David Winstanley commented that the 
instrumentation group felt it was important to exploit to a greater degree the 
test rigs and instruments we have before devising new rigs and instruments. 

Helen Reed advocated the need to compile and assess all available transi- 
tion data. Helen also raised the question of a future meeting of this type. 
Her group strongly favored such an event. 

Following these remarks Eli Reshotko expressed his appreciation to the 
rest of the planning committee and to Mary Lester of Lewis for the effective 
management of the arrangements . 


219 




SUMMARY REMARKS 


Robert W. Graham 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


I wish to add my thanks to that expressed by Eli Reshotko for the planning 
and execution of the symposium. I also thank all of you for your participa- 
tion. It has been, to me, a very exhilarating experience to have such a group 
of outstanding people who represent a number of areas of interest in this whole 
problem, including the practical and the theoretical. I will attempt to sum- 
marize what I heard from the three groups who reported in the plenary session. 

In the area of experiments, we seem to have come to the consensus that we 
need some kind of certified way of having these data made available to the 
engineering community. It was agreed that more experiments in steady flow, 
including two-dimensional flow, are required. Two-dimensional transition data 
should have priority. 

An effort is required in simulating combustion exits wakes and more severe 
turbulence. In addition to more investigation in steady flow, experiments are 
required in unsteady flow and wake transport. Such studies would encapsulate 
much of the three-dimensional flow effects. 

All of the groups recommended better use of the existing facilities with 
focus on measurement techniques in those facilities. For the certification of 
an experiment a considerable amount of information will be required about the 
facility, the instrumentation, and the experimental procedure. 

In addition to making full use of available facilities and instrumenta- 
tion, instrument research needs encouragement. This was also recommended in a 
heat transfer workshop held in 1980. Improved instruments to measure pressure, 
vorticity, field imagery, and scale are important. 

A "hierarchy of facilities" was mentioned several times. A version of 
this concept that I have used is a structure of building blocks (fig. 1). The 
base block is basic science. The next higher block is physical modeling. 

Above that is model verification. The fourth level involves testing the code 
in as near to real engine conditions as one can get in a facility. Beyond the 
hierarchy is the application to actual design practice. 

In the computational area there is certainly a need for the development 
of a transition model. Helen Reed's group seemed to think that the Navier- 
Stokes simulation is the best approach. However, improved empirical models may 
serve an interim role until the more sophisticated models become available. 
Vorticity representations are another option that was mentioned in connection 
with the combustion presentation. We also need Navier-Stokes solvers, LES 
solvers, and some way of representing the vorticity. 

Strong interaction between the computationalists and the experimentalists 
was also recommended. This kind of interaction is needed to get the physics 
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into the computational model. It is necessary for the experiments and in the 
verification of computational codes. 

This symposium has been a great experience. I would like to close with a 
final remark - and I am speaking for NASA. Somebody asked, how important is 
transition? Well to some of us it is highly important. To the whole of NASA 
it is hard to answer that question. There is always competition for many 
things. Although we at Lewis organized this symposium and promoted its impor- 
tance, support for the program is in competition for NASA funding. I can 
assure you that those of us on the planning committee will be strong advocates 
of this program. I cannot promise that, because of this symposium, NASA 
Headquarters is now going to release some funding and support to this area. I 
do not want you to go away with that impression. In the last 3 years this area 
has grown significantly; the reports given yesterday certainly validate that. 
However, I do make a plea to you to advocate the program. Universities, 
industries, and private consultants must be heard by those who make the deci- 
sion on the funding. So, I enlist your support in helping us to continue this 
kind of work. Basic research, which much of this is, is difficult to justify 
and maintain support for, as many of you know. We must also realize that the 
end product of the research must eventually reach the designers and the engine 
manufacturers . There must be a bridge between basic research and practical 
application. We must be supportive of one another in advocating these posi- 
tions. I do not know what the 1985 budget will be, I do not know what the 1986 

budget will be, but I can assure you that some of us are going to try our best 
to keep this program in contention. I hope your support will be there too. 

Now, as for the future I do not know when we should reconvene. But, I 
would like to see this kind of symposium happen again after we report back on 
what we have done. Perhaps it might be appropriate to try a data certification 
conference similar to the Stanford computational conferences that have been 
held. I cannot foresee what the conference or symposium will be like, but I 

take it that you would like to have another symposium on transition in the not- 

too-distant future. With that comment I declare the Symposium on Transition 
in Turbines adjourned. 
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